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"1hAL REPORT

IIYPI.'RVELOCITY WIND TUNNEL

COMPONENTS

k ABSTRACT

A structural evaluation of the large threaded Pressure

Vessels in the wind tunnel facility was performed using finite

element techniques coupled with fatigue and fracture mechanics

analyses of the critical locations. The results of this evalua-

tion show that these threaded pressure vessels have limited fatigue

li f, due to high stress concentrations at the root of the thread

root radii in the threaded end closures. Design modifications

Wui' made to thu most critical end closures (Bottom End of Mach

14/18 Heater Vessul and Inlet End of Driver Vessel) to increase

the desiqn life of these pressure vessels. The design life of

c,,] of tLe threaded pressure vessels was also increased by re-

ducing the maximum pressure at which they are operated. Periodic

inspection requirements which account for variable pressure

cycling anci ,nean stress effects were also developed for the

critical areas of these threaded pressure vessels.

The net result of the design modifications, reduced

operating pressures and periodic inspection requirements is to

increase the design life and confidence in the safety related

structural integrity of the threaded pressure vessels in the

wind tunnel facility.
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STRUCTURAL EVALUATION OF MANIFOLDS
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STRUCTURAL EVALUATION OF MANIFOLDS

The Hypersonic Wind Tunnel facility has two manifolds,

an inlet and exit manifold. These are used for all three loops,

M10, M15 and M18. The inlet and exit manifolds are shown on

National Forge Drawings 4-01513, Rev. 0, and 4-01514, Rev. A,

respectively. "he material specifications for the manifolds are

listed below.

a

Component Material u

Inlet Body -- 143,000 131,000

Exit Body -- 142,000 129,500

Studs ASTM A193, GRB-7 125,000 105,000

Flange AISI 4340 135,000 120,000

INTERSECTION OF CROSS TUNNELS

Exit Manifold

.. .' ...... __

I

39
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Consider square block as thick-walled cylinder, R = 2.25,1

R = 8.5. At R.:
0 1

P. (a 2 + b 2
1

0  b b2 a2

r = Pi

P.a
2

1
a =z b2 2

For the design pressure of 46,000 psi:

G (46,000) (2.252 + 8.5 ) 52, 932 psio0 8522252 92 s
8.5 2 -2. 25 2

= -46,000 psi
r

2
a (46,000) (2.252 3466 psiz= 2 2 346 s

z 8.5 - 2.252

The horizontal 3.6870 hole can also be looked at as if it were

a thick-walled cylinder with R.i = 1.8435 and Ro = 8.5. There-

fore, for this "cylinder":

2 200 (46,000) (1.8435 + 8.5 50541 psi
22

8.52- 1.8435

r' =- 46,000 psir

246,000(1.84352- 
2

Z 8.5 - 1.84352

LI
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I
Now looking at the intersection of the two holes:

i 'K" QI" ' 

ox = (OZ ' +0 r ) = -48,271 psi

y = (a 0  +F 0 ) = 103,173 psi

a (az +0 r ') = 49,466 psi

This gives a stress intensity of a -O x  151,744 psi, or 3.3 Pi

Since the stresses will decrease with decreasing Ri, this is

the maximum stress at the intersections in the exit manifold.

Following the procedure outlined in Appendix 3A

we can evaluate the fatigue life:

a RANGE 151,744 psi; aAL T = 75,872 psi

UMAN = 75,872 psi; ay = 120,000 psi; a u = 135,000 psi

a'MEAN = - 7AL T - 120,000 - 75,872 = 44,128 psi

I
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e 8 - 7 oALT (7) (75,872)iq 0 3 8= 4I-on

-Ii+ _MEANj + 135 0 0 0 ]

Seq = 93,770 psi

N = 1,350 cylcos(from Figure 3A-7A).I

Inlet Manifold

54-q17_

I
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Consider square block as thick-walled cylinder, R. = 2.0,1

R 8.5. At R.:
0 1

9 9
P.(a + b)= 1

zO b2 _ a2

r

J P. a2

For the design pressure of 60,000 psi:

(60,000) (2.02 + 8.5 
2)

o8 = 8.5 - 2.02 67,033 psi

-r 60,000 psi

C = (60,000) (2.0 = 3,516 psi
8.52 _ 2.02

The horizontal 2.6875 hole can also be looked at as if it were

a thick-walled cylinder with R. = 1.34375 and R = 8.5. Therefore,1 0

for this "cylinder":

(60,000) (1.343752 + 8.5 2 63,076 psi
8.5 - 1.34375

Sr =-60,000 psi

( 60,000(1.34375 2 1538 psi

z 8.5 - 1.343752 3
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Now looking at the intersection of the two holes:

II
> ,/o/

I /7

Ox = (Z + o r) = -61,538 psi

Oy ( + ) = 130,109 psi

Oz = (0z + Or') = 63,516 psi

This gives a stress intensity of ay - o x  191,647 psi, or 3.194 P

Since the stresses will decrease with decreasing Ri , this is

the maximum stress at the intersections in the inlet manifold.

Following the procedure outlinen in Appendix 3A

we can evaluate the fatigue life: .

ORANGE = 191,647 psi; oALT = 95,824 psi

(MEAN = 95,824 psi; oy = 120,000 psi; au = 135,000 psi

0 mean Gy - 0ALT 120,000 - 95,824 24,176 psi

I
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7_ A _ =T (7) (95,924)

0 ,iAN 8- 2 4 17 6I -f [i -' 6 -l7 J

I105,543ps
N 900 cycles (from Figure 3A-7A).
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FLANGE AND FLANGE STUDS INLET MANIFOLD

The details of the inlet flange and studs are

shown below:

7 11LI. r? yIy :

' 7"I 8i, . OV

Pressure load on studs and flange:

F = 7rR2 P = ff(l.6875) 2(60,000) 5.368 x 105 lbs

2The tensile area of each stud is -A T= 2.401 in. , which gives
a tensile stress in each stud of:

5.368 x 105
C=(8) 2.40 = 27,800 psi(8(2.401)-

We also must check the adequacy of the thread engagement length.

From NBS Handbook 11-28, the length of thread engagement required is:

2 x MAX A
e S MIN

s

where: A = maximum stress area (external thread)s

S = area in shear of external threads



IA-9

Following the procedure outlined in Appendix A5 of NBS

Handbook 1128 (1969):

L
A A 0.5(C K min x x D max)

s 1 D s

L
e from Figure A5.3 for 1-7/8 dia. 0.6255

(As) 0.5 [(2.356) (1.740) (0.6255) (1.8725)1 = 2.401

max

Ss = K max(C1 - C 5 TKn

= 1.765(2.356 - (14.51) (0.03) = 3.390

L - (2) (2.401) 1.416 in.Le 3. 390 1.6in

This value is less than the specified 2.75 in., and, therefore,

the studs have adequate engagement.

Now looking at the 7-1/4 - 4UN thread. This thread

size is outside of the range of the NBS Handbook; however, if

we look at the ratios of the pitch diameters and lengths of

engagement, it can be seen that this joint will have a large

shear area than the studs and consequently will be lower in stress:

RATIO = (7-1/4) (6) = 1.05
(8)(1-7/8) (2.75)

Finally, looking at the flange. Consider the flange

to be a circular plate, built-in at its edges, and loaded in a

circular region by 60,000 psi.

1I7
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!
1

- p-- .(

i (1. 8125) 2 (60,000) 5
-= 27r(1.8125) - 54,375 lbs/in.

From "Formulas for Stress and Strain," R. J. Roark, 5th Ed.,

Table 24, case le, the maximum moment in the plate at the

wall is:

Pa(L9  C 7 L 6 )

2
o l+u a + u [ -

where: L9  2 4-- Zu ro

2

r o  2r+) aL6-4- 1 + 2 £u
6 4a [aY rj]0

c4 = [(l+u) b + (1-u)

2 a b
C 7  2 a

r°  1.8125; a 8.1875; b 1.8125; u = .3

(I



I . 9  0.254; L6  0.114; C4  1.725; C7  1.955

IM = - (54,375) (8.1875) [0.254- (1.255)0.14
1.25( 1)

M = 55,350 in-lb/ii.

G MA 6 9,300 psi
t2
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EXIT MANIFOLD FLANGE AND STUDS

A typical configuration of the Exit Manifold flange

connection is shown below:

/ // -i"

,* k F- .- -]2

/ 72 2 -0) . 540 x 10

_ _ _ ! _ _ _

Following the procedure outlined in Section

pressure load on studs and flange:

F = rRp P I(2)2(60,000) = 7.540 x 105 lbs

The tensile and shear areas of the studs are:

L
A = 0.5 min x D max)s ( 1Kn Da- x

Ss = Knmax(C -C TKN

A = 0.5[(2.356) (1.865) (.6305) (2) = 2.770 in.

S

S = (1.8797) [2.356- (14.51)(.0147)] = 4.028 in.
2
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The tensile stress in the studs is:

0 7.540 x 105 34,000 psio -(8) (2.770) - 3 , 0 s

I
The required thread engagement length is:I

2A2s (2)(2.77)
L s  ( .77) - 1.375 < 3.0

e S5  4.028

Considering the flange as a circular plate, built-in at

its edges:

2 L 0
= n(2) (60,000) _ 60 000 lbs/in.

2Tf(2)'"

r = 2.0; a = 7.9375; b = 2.0; u = 0.30

. 9 = 0.267; L 6 = 0.115; C 4 = 1.553; C 7 = 1.691

M =-(60,000)(7.9375) [0.267- (1.691)(0.115)1

M = 67,710 in'Ib/in.

-6M

U 6M2 11,300 psi

It

!I
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APPENDIX 2A

PI MARY STRESS EVALUATION

for

MACHI 10 HEATER VESSEL
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I I. Primary Stresses in Cylinder Wall

Hand calculations were used to calculate the primary

pressure stresses in the main vussel cylinder wall away

from the threaded ends. These hand calculations are given

on the following pages. The resulting stresses are listed

and compared to the allowable stresses.I
I
iI

I
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APPENDIX 2B

FATIGUE EVALUATION OF THREADS
ON RIGHT END CLOSURE

of
MACH 10 HEATER VESSEL

I
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I
FATIGUE EVALUATI ON O" tREI'ADS

The fatigue analysis calculations used to calculate

ith- tatigue dcsigl life of the threads on the right end closure

of the MACH 10 Heater Vessel are given on the following pages.

The calculations are divided into the following parts:

(a) Summary of Loads on Main Cylinder Threads

(b) Equivalent Pressure Calculation for Maximum

Thread Load

(c) Edge Displacements for Detailed Model

(d) Maximum Stress Intensities and Maximum Displacements

in Thread Subjected to Highest Thread Load

(e) Fatigue Analysis of Stress Gradient at Thread

Root Radius

(f) Fatigue Life of Threads on Right End Closure

(g) Fatigue Curve for Body Material of the MACH 10

Heater Vessel

As shown below, a fatigue design life of 640 cycles

was obtained for the threads on the right end closure.
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Since the theoretical fatigue curves from this paper

were obtained on small polished specimens tested in air, factors

must be applied to account for size effects, surface finish,

environmental effects, and scatter of data. Therefore, a factor

of either 2 on stress or 20 on cycles, whichever is more conser-

vative at each point, was applied to the mean failure curve to

obtain a design curve which accounts for these effects. These

factors have been cont irmed by several fatigue tests and simu-

lated service tests on models of components.
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APPENDIX 2C

FRACTURE MECHANICS EVALUATION OF THREADS ON

RIGHT END CLOSURE OF MACH 10 HEATER VESSEL
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APPENDIX 3A

FATIGUE EVALUATION OF THREADS ON

DOWNSTREAM END OF MACI 10 HEATER VESSEL
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STRUCTURAL EVALUATION OF MACH 10 HEATER VESSEL/NOZZLE AREA

The downstream end of the M10 Heater Vessel and

Nozzle area is shown on Drawing 77-F-1131. The design pressure

for this area is 15,000 psi.

EVALUATION O THtREADED CLOSURES

There are three major threaded closures in the M10

Heater/Nozzle assembly. These are: (1) Heater Body/Left End

Main Nut, (2) Heater Body/Outer Housing, and (3) Nozzle Block/

Piston Block. The external loading consists of 15,000 psi

internal pressure up to the Left End Main Nut plus 4,000 psi

preload pressure exerted at the piston block.

The first task was to determine the load paths in

the assembly. This was accomplished by use of a coarse model

of the entire assembly. The boundary conditions imposed were

those before rupture of the diaphragms. The total axial

pressure load exerted on the assembly is given by:

FTO T = i(14) 2(15,000) = 9.236 x 106 lbs

By taking various cuts through the model, the load being

transmitted through the components can be determined. From

Run ODAND4V (1/12/78):

Body-, " ' " 'r6a' r",." ,.t't ',i

Heater Vessel Body 191

~r

S5 96i:| I F =2n(i1.148 + 3.552) x 105 = 9.236 x 106 lbs (Tension)

I
- ~~~~~~~~~~... ...... ...=" _ '7_ ....... . 1......... ...... . ... .
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Outer Housing

( > -i ; ) .. (... 7 . j

(-,-",J) -'-

t, .. C _ )' -)"- I.

F = 2Tf(1.611+ 1.555) x 10 = 1.989 x 10 6 lbs (Tension)

Housing, Particle Separator

.,72~ uO- 0

1o 2 _(§7.)")

5 6F = 2Tr(1.928+ 1.238) xl0 =1.989 x 10 lbs (Compression)

Left End Head/Thermocouple Ring

(2 )

,(=i

F 2ri(.441 + .658) xl 1056.905 x10 5lbs (Compression)
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THREADED CLOSURE - DOWNSTREAM END OF MI0 HEATER

The configuration of the downstream end of the M10

Heater is shown below, along with the imposed loading obtained

from the overall model.

ou~~~ge IMJC7  ~ /1"?r~ 500Y--- -------,-

IV1 6
L-Fr E )D --- PZ=15, 000

"Lz-p /- pve

The ANSYS finite element model for this area consists of 1985

isoparametric (STIF42) elements. The threaded connections

between the Heater Body and Outer Housing and between the Heater

Body and Left End Nut are modeled by 27 element teeth. The nodes

common between mating threads were coupled together if they were

found to be in compression and let free if they were in tension.

Only the normal direction was coupled, and the nodes were free

to slide tangentially. No friction was assumed between threads.

The resulting isostress plots of the various components

are shown in Figures 3A-1 through 3A-5. The maximum stresses

occurring in each component (exclusive of threads) are listed

below.

1
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Ref. Run ODANDTX (2/3/78)

Maximum Stress
Component Intensity (psi) Element

leater Body 67,200 1021

Outer lOLtISinq 28,900 1716

Nut 78,000 251

Head 51,000 82

The distribution of forces along the thread interfaces

is plotted in Figure 3A-6. The overall finite element model of

the downstream end of the heater vessel does not have sufficient

detail in the thread areas to adequately analyze a single tooth.

This was accomplished by imposing the loading conditions (inter-

face forces and boundary displacements) from the overall model

onto a detailed finite element model of a single tooth. The

most severely loaded tooth in each interface was analyzed.

The total interface force was converted to an equiva-

lent pressure applied to the area of contact between the two

teeth. The corresponding boundary displacements were linearly

interpolated when necessary to obtain nodal displacements for

the detailed model.

Figure 3A-7 shows the stress intensity isoclines for

a typical tooth analyzed. The peak stress intensity in each

tooth is listed below.

Ref.
Component a (max) psi Location Run No.

Body/Nut 133800 Surface of ODANDGD
Tooth No. 5 1 Element 103

Body/Housing 49400 Element 289 ODAND2E
Tooth No. 6
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I

Left End Head

FIGURE 3A-1 - DOWNSTREAM END OF HEATER VESSEL
ISOSTRESS PLOT OF STRESS INTENSITY
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Left End Main Nut

FIGURE 3A-2 -DOWNSTREAM END OF HEATER VESSEL
ISOSTRESS PLOT OF STRESS INTENSITY
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Heater Vessel Body

FIGURE 3A-3 - DOWNSTREAM END OF HEATER VESSEL
ISOSTRESS PLOT OF STRESS INTENSITYlI
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Top of Heater Vessel Body

[I GURE 3A-4 -DOWNSTREAM END OF HEATER VESSEL
ISOSTRESS PLOT OF STRESS INTENSITY
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II

Outer Housing

FI* GU RE A - DOWNSTREAM END OF HEATER VESSEL
ISOSTRESS P3LOT OF STRESS INTENSITY



3A-1 0

L .
E- I

L 'I \

0 y

I\

FI R 3

D T E O



K 3A-11
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F ATIGUE ANALYS IS OF L3UPTRESS T1OOTHI

The miaximiumt stress intensity occurs in the 5th tooth

of thle M10 body/outer housing thread interface and is 133,800 psi

at thle surface of element 103 (root radius area).

Thle Str-ess (list ni ltitimi tacross a sectiti conltaiIi ii it cir-

a.En'huronce

(0) Wb

N,-.29. Stiess I )joi ihtioit about a Ciicular Hole ini a Bfar

cLIhir huhl, FJig. 29a, hias a hiigh) stress gradictnt at the uh(ie of the hiole.
If thle lo;i is jlist Stlilient to hittg the peak str-ess tup to the et~iiitirct~e
limlit, a fitlil,'v1 failur liii' \ 0 111 iitly Ite vxIte(.tli Si:l((- tlic o~ ie(f

iimieriiI at tiw~ttc55s Is zerl. :\ lliteC \'OIltine Of iiliittli l titlist be1 at tile
cii(lnl-ance limit hcilli a crack will formiiand to ot 1tain this voltumte of

ltelilI tile Cliiiililm limiit stress itus t exist ,it sot finite (lIIt.i 6,
1)(Io\ tlesil~fcc:tbi cfoie, tile Steijict thet stress gi-adient, the ither

tle oad( reIlfllrel (1 to lo(llce fmitic lailtire. Fig. () 291
Th'le (lilmlllilil, 03, is a pirop~eity o~f the material: and, itt genera,

liarl, fmitt-a~inecl ijiateris haive stmall valnecs of 6, \vhtere; soft,
coarst'-iraulic(I illtiiils tmav larger valutes. Thei relationshipj het"weti
6 antd sittcI te sl rllls. hisei onl correlating fattigue data id the
shecar tleltry of filure is sIovvil [it Fig. ().30.

300 __

200-------------<7?~1 teory __

00101 0002 0005 00)1 002 005
B, inches

Fui. 0t10. Nlaterial Consltatnt 6 vs. Tensile Siettgtfi for -Stced



For the MIO Ifeater Body, the tensile strength is 135,000 psi,

which gives a "6" of 0.00125 in.

We must, therefore, compute the stress intensity in-3

the area of the root radius at a depth of 1.25 x 10 in. It

will bu assumed that the stress distribution in the vicinity of

the root radius is the same as that around a small hole in the

middle of a flat plate subjected to uniform tension. From

"Theory of Elasticity," Timoshenko and Goodier, 2nd Edition,

page 78, the stress distribution around the hole is given by:

S - ( 2] + [1 +3(a) - 4 ()]cos 20

[ a2]  )Ela4]  -
a =[1 + 3 cos 20

r S 1- 3 + 2 ) sin 20 7 _9

1i,,. 4 .

When 0 = 0, T 0 and the principle stresses are:
rO

2+~ 3 -a (a) 2]

S 3(a 4+ (a)2]O0 = 2 r + r

And the stress intensity is:

01= s [ + ( ) - (a)]



3A- 14

Thereftore, tile assUmlud distribution in the vicinity of the thread

root radius is:

J= S 1+ A( 4 - E

where: a thread root radius = 0.09375 in.

r a + 6

6 distance from surface, in.

S,A,B constants to be determined

If the stress intensity at three points in the area of interest

are known, S, A and B can be determined. From Run ODANDTX:

r(1A) (r1

SEFL. 1+ Oq~375 133 900o

EL, 103 ./9 09~ Fs'/00

.1502 '/1/00

Solving from S, A and B from the above yields:

S =30,022; A =4.1075; B =.6502
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A plot of this equation is shown below:

I

61~ /001 000)1

50, 000

Therefore, for the fatigue analysis, the maximum stress

intensity is:

01 = 128,000 psi

The stress intensity range for one pressure cycle is:

aRANG E = 128,000 psi

OALT = 64,000 psi ay 120,000 psi

aMEAN = 64,000 psi a u  135,000 psi

The following procedure for accounting for the effects of mean

stress is from:

Snow, A. L. and Langer, B. F., "Low Cycle Fatigue of Large
Diameter Bolts," ASME J. of Engrg. for Industry, Feb. 1967.
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ALT + OMEAN 128,000

ine <0ando + >0,yALT y N ALT EAN

I
S= 0 - A 120,000 - 64,000 56,000 psi

MEAN y ALT

ALT (7) (64,000)

eq 3 [l+( ooo ]

8 - i+ AN] 8 1+ 000

1 = 86,700 psieq

This equivalent stress will be used to enter the fatigue curve,

Figure 3A-7A. This curve is from ASME Paper No. 76-PVP-62. Since

the theoretical fatigue curves from this paper were obtained on

small polished specimens tested in air, factors must be applied

to account for size effects and scatter in the date. Therefore,

a factor of either 2 on stress or 20 on cycles, whichever is

more conservative at each point, was applied to the mean failure

curve to obtain a design curve which accounts for these effects.

The Design Life for a 0 of 86,700 psi is:

eq
N = 1,900 cycles
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THREADED CLOSURE - MIO PISTON BLOCK/NOZZLE BLOCK

The configuration of the M10 Piston Block/Nozzle

Block threaded closure is shown below, along with the imposed

loading obtained from the overall model.

0Ae HOAWA.9 X/O :1

BLCC4 &TEFOeE /?6)'Rc/?

The ANSYS finite element model of this area consists

of 1027 Isoparametric (STIF42) elements. The method of handling

the threaded closure is the same as for the downstream M10 Heater

model. The Nozzle block contains 8 - 2" diameter holes on a

17-1/2" diameter bolt circle. To account for the increased

flexibility of nozzle block due to these holes, the modulus of

elasticity, E, was adjusted as follows:

Area excluding holes 6EMOD = Area including holes x 30 x 10 psi

EMOD = (0.7715) (30 x 106) = 23.14 x 06 psi

This modified E was used for those elements of the nozzle block

which are within the annulus formed by the holes. To account

for the resistance to rotation imposed upon the nozzle block by
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the nozzle throat insert carrier, all nodes along the inboard

surface of the nozzle block were required to have the same

radial displacement.

The resulting isostress plots of the various components

are shown in Figures 3A-8 through 3A-10. The maximum stresses

occurring in each component (exclusive of threads) are listed

below.

Ref. ODANDM1 (1/23/78)

Maximum Stress

Component Intensity (psi) Element

Nozzle Block 21,700 181

Piston Block 25,100 834

Outer Housing 15,300 930

The distribution of forces along the thread interface

is shown in Figure 3A-11. Again, a detailed model of the Piston

Block tooth #4 was used to determine the stress state in the

tooth. The method followed was identical to that used in the

previous section. The maximum stress intensity occurs at the

surface of element 135 and is 23,600 psi (Ref. ODANDXA - 2/27/78).

Even though tooth #4 is the most highly loaded,

Figure 3A-9 shows that the maximum stress intensity occurs at

the last tooth (#9) and is greater (25,100 psi vs. 23,600) than

that obtained from the detail tooth model. Figure 3A-12 shows

that the piston block and outer housing are undergoing rotations

which will induce large hoop forces.at the upper end of these

components. This increase in hoop loading is the major factor

contributing to the larger stress intensity in the last tooth.

As a result, the interfacial loadings and boundary displacements

from the overall model for the last tooth were imposed upon the

detail tooth model. The maximum stress intensity from this case

(Ref. ODANDKJ - 2/28/78) is 24,200 psi at the surface of
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1 1'

FIGURE 3A-10 M10 NOZZLE BLOCK/PISTON BLOCK CLOSURE
ISOSTRESS PLOT OF STRESS INTENSITY



F! 3A-23

(2 II

/ /

V-]

-i i i •

KF l 1",-tl

S. OX : /)/I-'U25)! ,'O [/(7 7 IO-

FIGRE A-I - ORE DST~BUTONALOG TIREDE
INTEFACEPISTN BLCK/NZZLEBLOC



V 3A-24

1/-pz~kccD Pcv4)ey

FIGURE 3A-12 -BOUNDARY DISPLACEMENTS-
M1 NOZZLE BLOCK/PISTON BLOCK CLOSURE

(Ref. ODANDMl)
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element 135. This value itself is less than the 25,100 psi

value obtained from the overall model. The purpose of the

Wore detailed thread model was to account for any localized

stress concentration factors in the tooth profile. However,

the primary loading on this thread is hoop stress which will

not localize itself. For purposes of the fatigue analysis, I -

the value of 25,100 psi will be used.

The threads on the MI0 Piston Block are interrupted

as shown below:

Percntag whic is thea (4(4) 0

/ ,

//

//

Percentage which is thread -- (4) (45) -_0
360

Therefore, the stress intensity must be increased

by a factor of 2, i.e.,

(I)MA X = 50,200 psi



Following the procedure outlined in Section

jALT = 25,100; 3 MEAN 25,100

(7) (25,100)o~eq 8 25,100 z 27,700 psi

OCI 235,1000]

which relates to a design life from Figure 3A-7A of

N 400,000 cycles

I
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APPENDIX 3B

FRACTURE MECHANICS EVALUATION OF THREADS ON

DOWNSTREAM END OF MACH 10 HEATER VESSEL
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I

The procedure followed herein is outlined in detail

in Appendix C.

The thread material is modified AISI 4340, or "gun"

steel (ASTM A-723, Class 2), with the following material

properties:

0 = 135,000 psi
u

O = 120,000 psiy

KIC=1 00 KSI /1K.

From the stress analysis of the detailed tooth model,

oMAX = 133,800 psi

The critical crack depth is:

a C (100.000 2
CR 1.25ff 133,800) 0.142 in.

The cycles to failure is determined from:

C 0 = 1.1737 x 10 - 1 5 for AK in psi /71.

(n -2) = 0.25 MN/2 = (1.25n) I1125 = 4.6593

(A)n = (133,800)2.25 = 3.4239 x 10 I

1 11 = 1.2763

aCR - (.142) 0.12 5

77:

. . . . . ... "+ , - . .,.. ;"': -. . .. . .J,*. . . -, , a . . .'/t. : : . .. . ,.:Z; z , ,: -:" ,' " " , ' -.. .
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*N= cycles to failure= 2 1 )
N/2, n ( n2)/2 (n-2)/2

(n-2)C 0M u a.1 a CR

N .C25) (1. 1737 x 10 1 )(4653 (3.4239 x 10 11 ) [a.125-1263

N =4272.6 [a.1 25 - 1. 2 76 3]

From which:

[ 4272.6 
18

We now have a relationship for determining the cycles to failure

for various defect sizes. This expression is shown in Figure 3B-i.

II
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APPENDIX 4A

PRIMARY STRESS EVALUATION

FOR
MACH 14/18 HEATER VESSEL

l"I
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1. Primary Stresses in Cylinder and Liner

The primary stresses in the cylinder and liner

section of the MACHl 14/18 Heater Vessel due to an internal

pressure of 46,000 psi and a shrink fit of 0.017" on the

radius between the liner and the cylinder were calculated

using a special-purpose computer program. The resulting

stresses are listed and compared to the allowable stresses

on pagqe 4A-2

I
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2. MAXIMUM STRESSES IN LINER AND CYLINDER BODY

The maximum stress intensities in the liner and

cylinder body due to an internal pressure of 46,000 psi and a

shrink fit of 0.017" on the radius between the liner and cylin-

der body were calculated by hand. These hand calculations are

given on the following pages. The resulting stresses are

summarized in two tables on page 4A-7 .
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APPENDIX 4B

FATIGUE EVALUATION OF THREADS

for

MACH 14/18 HEATER VESSEL

ORIGINAL DESIGN
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FATIGUE EVALUATION OF' THREADS

The fatigue analysis calculations used to calculate

the fatigue design life of the threads are given on the

following pages. The calculations are divided into the

following parts:

(a) Summary of Loads on Main Cylinder Threads

(b) Equivalent Pressure Calculation for Maximum

Thread Load on Bottom End

The first part of this appendix deals with the

bottom end of the heater, while the second half concerns the

outlet end.

ii
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The detailed thread model described in Section 5.2.2

in the main body of this report, which includes the elliptical

undercut on the first thread, was used to calculate the maximum

stresses in the first thread. The detailed thread model describ-

ed in Section 5.2.3 in the main body of this report, which has

geometry typical of the second and subsequent threads, was used

to calculate the maximum stresses in the threads other than the

first thread. The results obtained from this evaluation pro-

cedure are shown in the following table.

M 14/18 HEATER VESSEL bOTTOM END
Original Design - P = 4E,000 psi

Thread Load Stress Range
No. (lbs/Radian) (psi)

1 356,468. 308,628.*

2 352,199. 378,338.

4 265,715. 281,467.

7 200,350. 202,242.

10 154,211. 144,921.

*Maximum Surface Stress Intensity from
Model with Elliptical Undercut

These results indicate that the highest stress occurs

in the second thread.
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Since the theoretical fatigue curves from this paper

were obtained on smiai I polished specimens tested in air, factors
must be applied to account for size effects, surface finish,

eivironmental effects, and scatter of data. Therefore, a factor
of eit h r 2 on s tres,; or 20 on cycles, whichever is more conse r-
vat ive it each point, was applied to the mean fai lure curve to
obtain a design curve which accc unts for these effects. These

factors have been confirmed by several fatigue tests and simu-

lated :,;etrvjcc tes ts on models of components.
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The fatigue evaluation of the second thread on the

bottom end of the MACH 14/18 Heater Vessel original design was

redone for an internal pressure of 28,000 psi for no friction

between the threads and for a coefficient of friction equal to

0.122785 (Tan 70) between the threads. The resulting fatigue

design lives for these two cases are shown in the following

table.

Stress Calculated Fatigue
Location Range, psi Design Life, cycles

2nd Thread 230,293 575
(No friction)

2nd Thread
(With friction) 257,071 455

I '
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I
OUTLET END OF HEATER VESSEL

The following figures show the distribution of forces
along the 32"-l and 25"-1 thread interfaces. In both cases,

the maximum load occurs at the first tooth. This load must
be converted into an equivalent pressure for use in the

detailed tooth model.

Given the total load on the tooth F (lbs/rad),

the equivalent pressure (P EQ) is:

AREA T1(R 2 - R.2

RADIAN 2T cos 70

I
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P 2F cos 71

" EQ ( 2 R.)

For the 32"-1 threads:

F = 4.493 x 105 ibs/rad

f2

R. 15.667 in.; R = 15.964 in.

" EQ = 94,949 psi

For the 25"-l threads:

5
F = 2.059 x 10 ibs/rad

R. = 12.167 in.; R 12.464 in.
1 0

P = 55,872 psi

The material constant 6 is the same as for the bottom

end of the heater, 6 = 0.00105 inches. The same procedure is

followed in determining the stress intensity at the depth 6,

as was described for the bottom end.

32"-l Threads

i, /
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Froit ANSYS Run 0DANDRIB, 7/24/78I
r 1 = .12881

Sr 2 = .14871

r r 3 = .1686L

At (a/r1 ) = .826, a, = 195,073 psi

(a/r2 ) = .730, uI = 148,668 psi

(a/r 3) = .634, oi = 85,024 psi

Therefore, the assumed stress distribution in the

vicinity of the thermal root radius is:

4 2
o I =S[1 + A(2) - E(a ]

01r r

where a = thermal root radius = 0.10891 in.

r =a +

6 distance from surface, in.

S,A,E = constants to be determined

Using the above three equations and solving for S,A,E yields:

S = 244,357

A = 2.560

E = 4,382

IM
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I
Therefore, for the fatigue analysis, the maximum stress

intensity is:

I = 204,127 psi

The stress intensity range for one pressure cycle is:

0 RANGE = 204,127 psi, ay = 130,000 psi

0ALT = 102,063 psi, au = 145,000 psi

0MEAN = 102,063 psi

Snow, A. L. and Langer, B. F., "Low Cycle Fatigue of Large

Diameter Bolts," ASME J. of Engrg. for Industry, Feb. 1967.

a ALT + aMEAN = 204,127 psi

Since a ALT < a and a ALT + A > ay

aMAN = ay - a ALT = 130,000 - 102,063 = 27,936 psi

7 oALT (7) (102,063)

8 8- + 145,000

Seq 113,340 psi

This equivalent stress will be used to enter the fatigue curve.

This curve is from ASME Paper No.'76-PVP-62. Since the

theoretical fatigue curves from this paper were obtained on

small polished specimens tested in air, factors must be applied

to account for size effects and scatter in the date. Therefore,

a factor of either 2 on stress or 20 on cycles, whichever is

more conservative at each point, was applied to the mean failure

9 -.
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I
curve to obtain a design curve which accounts for these effects.

The Design Life for a (e of 113,340 psi is:
eq

N = 650 cycles

25"-l Threads

Following the same procedure as outlined in the

previous section for the 32"-1 threads, the maximum stress

intensity is: (Ref ANSYS Run ODAND5Z, 7/24/78)

At (a/r1 ) = .826, o, = 130,986 psi

(a/r 2 ) = .730, a, = 105,039

(a/r 3 ) = .634, oI  = 94,835

01 = 228,607 psi

The 25"-1 threads are interrupted, therefore,

this stress value must be increased by

90- 2.045
'4 4

since the finite element model assumed the threads to be

continuous. Therefore:

0, =467,501 psi
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The stress ranqe is 0 IANGE 467,501 psi

0 233,750 psi; a = 130,000 psiOAL T =O 3,0 s

0MEAN= 233,750 psi; = 145,000 psi

0 ALT + OMEAN = 467,501

Since oALT > Oy,

jeq ALT 233,750 psi

This equivalent stress will be used to enter the fatigue

curve. This curve is from ASME Paper No. 76-PVP-62. Since

the theoretical fatigue curves from this paper were obtained

on small polished specimens tested in air, factors must be

applied to account for size effects and scatter in the date.

Therefore, a factor of either 2 on stress or 20 on cycles,

whichever is more conservative at each point, was applied to

the mean failure curve to obtain a design curve which accounts

for these effects. The Design Life for a o of 233,750 psi is:

eq
N - 70 cycles



I
I
1

APPENDIX 4C

FRACTURE MECHANICS EVALUATION

OF THREADS

for

MAC11 14/18 HEATER VESSEL

ORIGINAL DESIGN
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Fracture Mechanics Evaluation

The procedure followed herein is outlined in detail

in Appendix 5C.

The thread material is modified AISI 4340, or "gun

steel." This is now designated ASTM A-723 material. Assume

this material has the following properties:

S = 145,000 psi

S = 130,000 psiY

KIC = 100 KsiVi/ .

The calculation of the critical crack sizes and

the curves of cycles to failure for various initial defect

sizes for the threads on the top and bottom ends are given

on the following pages.

7ff. i ..LL .L_ 
"

.... . ....-
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25"-l Threads on Outlet End Closure

If o = Ao = 467,500 psi and KIC = 100 Ksi/lin.II
I. KIC = 100 Ksi yi-

2. Critical Crack Depth

1 100,000
aC~ C ' ) = 0.0116 in.a CR 1.257 (467,500

3. Cycles to Failure

Co = 1.1736 x 10- 1 5 for AK in psin.

(n-2) = 0.25,M N / 2 = (1.25) 1.125= 4.6593

Aon = (467,500) 2.25 = 5.715 x 1012

11 1.745

aCR( (.0116) 125

N = 255 [a0.125 1.745]
[a.

a5 +5447

aA4,



4C-6

!
A. vs. N for 25"-1 Threads on Outlet End Closure

oA = 467,500 psi, KIC = 100 KSI/1-3.

a.i
Inches Cycles

.01102 1

.01082 2

.01026 5

.00939 10

.00223 100

2.764 x 10- 5  500

-7
9.302 x 10 1,000
2.307 x 10-1 5,000
1.260 x 10 - 1  10,000

I
i4 --- --- -.- -
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APPENDIX 5A

PRIMARY STRESS EVALUATION

for

DRIVER VESSEL
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1 1. Primary Stresses in Cylinder and Liner

SI The primary stresses in the cylinder and liner section

of the Gas Storage Vessel due to an internal pressure of

60,000 psi and a shrink fit of 0.021" on the radius between

the liner and the cylinder were calculated using a special-

purpose computer program. The resulting stresses are listed

and compared to the allowable stresses on the following page.

iI

i
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1 2. Maximum Stresses in Liner and Cylinder Body

'rhe maximum stress intensities in the liner and

cylinder body due to an internal pressure of 60,000 psi

and a shrink fit of 0.021" on the radius between the liner

and cylinder body were calculated by hand. These hand

calculations are given on the following pages. The result-

ing stresses are summarized in two tables at the end of

this section.

Il
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I
FATIGUE ANALYSIS OF THREADS

The fatigue analysis calculations used to calculate

the fatigue design life of the threads are given on the fol-

lowing pages. The calculations are divided into the follow-

ing parts:

(a) Summary of Loads on Main Cylinder Threads on
Outlet and Inlet Ends

(b) Equivalent Pressure Calculation for Maximum
Thread Load on Outlet End

(c) Fatigue Analysis of Stress Gradient at Thread
Root Radius of 2nd Thread on Outlet End

(d) Fatigue Life of Threads on Outlet End Closure

(e) Stress Results for Threads 1, 2, 8, and 9
on Inlet End

(f) Fatigue Life of Threads on Inlet End Closure

(g) Fatigue Curve for Body Material of the Driver Vessel

(h) Summary of Fatigue Design Lives for Inlet and
Outlet Ends

At P = 60,000 psi with no friction, a fatigue design

life of 680 cycles was obtained for the threads on the outlet

end closure, and a fatigue design life of 133 cycles was

obtained for the threads on the inlet end closure.
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Since the theoretical fatigue curves from t p'5 pper
were obtained on small polished specimens tested in air, factors

must be applied to account for size effects, surface finish,

environmental effects, and scatter of data. Therefore, a factor

of either 2 on stress or 20 on cycles, whichever is more conser-

vative at each point, was applied to the mean failure curve to

obtain a design curve which accounts for these effects. These

factors have been confirmed by several fatigue tests and simu-

lated service tests on models of components.
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The detailed thread model described in Section 5.3.2

in the main body of this report, which includes the elliptical

undercut on the first thread, was used to calculate the maximum

stresses in the first thread. The detailed thread model

described in Section 5.3.3 in the main body of this report,

which has geometry typical of the second and subsequent threads,

was used to calculate the maximum stresses in the threads other

than the first thread. The resulting maximum stresses in

threaus 1, 2, 8, and 9 are shown in the following table.

Stresses in Driver Vessel Inlet End
Original Design - P = 60,000 psi

Thread Thread Load Stress Range
No. (lbs/Radian) (psi)

1 378,073. 286,574.*

2 390,925. 380,900.

8 243,857. 210,241.

9 228,027. 190,656.

*Maximum Surface Stress Intensity from Model

with Elliptical Undercut

These results indicate that the highest stress occurs

in the second thread.
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BY DOP DATE//P/578 SUBJECT DRIVER VES5E- SHEET NO I OF "
CHKD BY DATE INt E'T" AND PROJ. NO 7,/ 7o

I
4,I L i I Let En 4 - 1i/ Fr/' - bcf/o

I (-i) Thrtio- 0l N. i

I A, -o~

-  O. _- {From /V5'wc Curve)

(,) 7hrec2 No. 8
K 57 23 _

o- o0 ( rm AI/kV/C Curve)

C.y ole s R~/ ,_i _ni_ j For Crc , ,-L /2c - w9- ;l/- F.,c tr'q

iI

W... . . . . . . ... ... .- D

" ' -11 11 I - I . . II ~ i , _ :. L _ .. -. ... .. . .... ."Z , ... . ., , . .,.. . . . . . ... ..----2, C y
- -

c
.,-:; '= ' -:'

e
'

- . ... . .



ENGINEERING DESIGN & ANALYVSIS SERVICES 5 30O'DONNELL & ASSOCIATES, INC.
PIT TS(bURGH, PENNSYLVANIA

By DUOP DATE/P-15178 SUBJECT Driver Ve .-veL SHEET NO~ / OF
U _CHKD. BY -DATE 01-i jiqL Pe5i~n PROJ. NO J'/-270

on Dr-'ve- VeD-&eL For

of , of j

OutLt End

w~f-A F-rct-iori ') 8 ?(853-cycte

DiLet End4--,060/) cce
vvitAh Frictiop 43 6 /0Cce

Ff~iyu /rfe14 oFT 77r eqJ5
01- Di-ivet- Ve355L For-

/Prc ,.-rc- of 47, -5oop.1

3 1- e- -,5F u ~ b si 1L c-Arr cN t-beP5iLfe

Qut-e-t EQ
(No Friction) I 7 y3o ,o yIe

Outtf Un I8~/83856 C-yoLeS

Intet Etd3C )5 67)( cL-(No Fric.tiori) o 4 7oyce

ILet End C /c YyctC-5,
wlbi __ f. _ _ _ _ __ _ _ _ _ _ _ _



APPENDIX 5C

FRACTURE MECHANICS EVALUATION OF THREADS

for

DRIVER VESSEL

ORIGINAL DESIGN



ENGINEERING DESIGN & ANALYSIS SERVICES l1 O'DONNELL & ASSOCIATES, INC.
PIT TSBURGHI-, PENNSYLVANIA

By DLS DATE 2/1/76 SUBJECT Ga4$ StrC SHEET NO 'OF
CHKD. BY DATE Ves-seL PROJ. NO 7P /a 7a

Crvc/< Gr-owvtA Rctte AnqcL .5/'S of rth-eads
on~ tAe GqV5 Stor-e VesseL:

U)Imhoif E .J T m/ 5cyr5oV. TM.4 fc'7- fL
CldColrasiot,-F-icl-t e Cpjqc/( GC-owtA olf

4.340 Ste eL ,4ftqrious Yie t Str en 3 Y5
Pt-o,9ress it, F7-a'. Gp-owtA o'nd Fracture
Tou!)Aness TC&ti'5, AS7-M STP 53(p)
Arericam 5ciety fgor -Te-stici 'c'n'

Mcite-iqL5,1 /773, jpp./8-o5

4)WesseL, E-,7, cm cq-- T R' Fravcture
AMechcvrni'cs T-echnoLoq 4i A s,4,o Ire d to
TAicKX-WqLLedl Nuc.Leqr Pt-es s4ure VesseLs"
Proc. Cotnf, am' PrqciecqL AppLiced*ion o)
F-ac-tut-e /Vechoqn~cs to Pressure Ves-5eL
Techrio~toiy, lms*,tfutiori of Mec-Acm~ccvL

E~ri~ieeI-s W-7/



ENGINEERING DESIGN & ANAL YSIS SCR VICES 5C-2 O'DONNELL & ASSOCIATES, INC.
PITTSbURGH, PENNSYLVANIA

B B DATE 2/1/783 SUBJECT 6
qfs 5tcl SHEET NO aO

BYK BY DATE 5tossee PROJ. NO Tip/O7S

-BASIC ASSUMPT~oNg

I.Th-eccid MqtethiqL 1.5 Mvodified1
AI1517 4340, ot" "Uun SteeL."
This isteow cde5i~yncqt A STM
A-723 McvteriqL. Assurne this
Mcvtet-iL hcys tAe faLLowlfll

SU 145000 psi
sy=/3ocoo0 psi

2. Ft-omn Refet-erice 0)) the Cr-qck 5r'owth
i-q-te for- this rmiqter-iqL ;5 r-epre5e~ltea
iLy -the foLtowing Eckucvtiofl

Where: Creicl< &roatA RciteldN iriches/cyaze

= gtt-es titersi~y Fc-ctor-

3. Assumne there is a tAin Surfqce cefect
Opeettel hop-mqvL to the Magximum~
Surfavce Sti-ess At- the inside Sut-fcrce
of tAe threa:d t-oat rclius wvhere the
M'qximum Stress occurs,

4. Assume tAcit the stt-ess /?.qnce is
EiuvaL to the Mqxirnum Surfqtce Str-ess.



5C-3
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES ' INC.

PITTSB1URGH, PENNSYLVANIA

3Y DE) f DATE2///78 SUBJECT G~~ to 'e SHEET NO 3 OFS

CHKD BY DATE VesseL - PROJ. NO P-7

Praceciure elyer) iti Referetice (a) wilL lbe
foLLoWed

I.The Fi-ccture Touqhries5)1 Kc, is:

,2. From Reference (1), tAe Cracj< Gtrsowth
Rote/ cla//AN is5:

.±2 Ct cAK t

CldN

C,= EmrriccL intercept Can stont

A/(= tress Ditenity F-cctor
Rcirge) /(5ir-w

P)SLD/pe of alx Versus

LociL AR Curve



j ENGINEERING DESIGN & ANALYSIS SERVICES 5C-4 ~ O'DONNELL & ASSOCIATES, INC.
PITTSBURGHI, PENNSYLVANIA

3 By D5P DATEa//78 SUBJECT &CIS SNo/cl e SHEET NO *4 OF i
CHKD. BY -DATE VesseL PROJ. NO XP 4 70

p'rocedlure (continueS)

The Crac/( Girowth Rcv7'e Ectuqtirn F-.hli
fRefetermce (1i) is shown in the cur-ve 1~ataw.
Note t-it the ifycitfio1 is ct n Ucooe t-
boundo o f t-11e p L o -ffe at Scf tcy,

I I I III I I II I I I I i) I

3 L

10-'

4- ; C4~p 0.66 1 ( I)22

, 10f5 4340 STEEL
o

or 0 130 Is. (896 MN/rn
2
)

9 6 0
0 (Ty - 180 k (1241 MN/ 7Z)

0 0 0a, -220 ks, 0571 MN/'i,
1

) 1

2 IOksf-c ' 0998 MN/rn
3

/
2

to 2 4 6 8 1 0  2 4 6 E) w

- STRESS-INIENSIT'r- FACTOR RANGE, AK * ti/~

FIG. 9- Fatigue-crack growth in 4340 steel of various yield ~itrengf.'v



j ENGINEERING DESIGN & ANALYSIS SERVICES C5O'DONNELL & ASSOCIATES, INC.
PIT I StiUR5H, INNSY L VANIA

BY DP DATE ?178SUBJECT G SSt'Orq e SHEET NO OF -5S
CHKD. BY DATE Vessel PROJ. NO TP/

Pi-ocecjure (coiltirued)

3. Fot- qr tAic/(-WcLLec1 Pressure Vessel
Con fin ~pip-3 cs 1-n (c/1 o) Surface defect
01-iented riormaL to the Mcvxfmum Sui-fcce
Sh-essy -the Ct-iti'coL Cr,-~ccla dt#SA, ctc,., !so.

vh er-e * Ccr =Criti~ccjL CP-qcA Depeth irncAe s

He Fecictup-e Toughtress, Ks irim
0- Mqx jm um Surfcice Stress,, Hsi

4-. The Nurn~et- of CycLe5 to -gtrow to
criticciL FLcvw size (fariLure), A/) is :

N= 12 (h.)-)

W~et--e N Numet-e of CycLes to Fqiture
ai TnificsL Ct-acK Debth ,,,ches

ti SLope of dN Versus
Loi AK( Curve

0-rCrtiefccL Cr-vc/k Depoth, inches

ca= mit-ia intercept const-nt-
-Fo AH;npsr~:

MO Ap=e /.c~i Stre-



5C-6
ENGINEERING DESIGN & ANAL YSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

BY DOP DATE /1/1/78 SUBJECYt &clsStorcsuye Vessel SHEET NO OF 12

CHKD BY DATE Out-Let Fcl PROJ. NO PI 7

rr (T- A(T-= /)// psi-

/.Kc7' /oK~T

2. C-,'tcct Crqc/( Depti

3. C,cLe to F ure

(na 0.,a~5 M 2 5-61 (,czm 5b 4-

r 15, 73 7 56 8 o2 V/ In

~r~a =(o~54~)/~~~ /4370

N I4 667 679 /4 37c,2431

8

Lr 0 85~



-5C,

ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.
PITTSbURGH, PENNSYLVANIA

tw PY DATE IV1//78 SUBJECTG0 5; Storqje Ve-53eL SHEET NO- '?- OF2
CHKD. BY DATE OutLet Ed' ... PROJ. NO 7a

%i Vesus r for Thre, J oip
ouLeLt End C(JLosure

¢-=-= a2-/ ,X,/) /00 K-$5o K,
frlodiflecj A& 43fo /Vfqfr-cryL

irl c /Is cycLeS
o r5-2 47 0o.o!?-078&I .

9-c' 8'10. 50 5-0-/ 5 o

o.oo21(28 a_00

o.o ool 4 aooo
oo o o5 0,3o~~~o.oooo2ge9 oc

o~ oo-t-4 , 2_8 P-5o-

i



:0))

*.

aa,

0 '0 0

7 7-

-7 - -

Z)~II ) ~ (0



5(2-9
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

ByDP DATE/ 17/78 SUB3JECT Dh-Ve,)- Ve-55e L SHEET NO /OF
CHKO. BY -DATE 0 ut 4et Eftv - - PROJ. NO T/7o

Doftc F )IJ - Thr ct J - vi fit Fr c,'orti-ci P 4Fro o /oL;

Jif ~ ~ 4 jA zI~2~6 psir qrd/co /<'

IK-c, /00 /w;,fi

~.Cr, tic,#t Crack{ Dept

C cr o, o79~2 75 II.2agTT

3.CycLes to 177 ,tu r c

C0 =~ /./7~ ~/ 5 7 for As r

0. 5- M11- / ,5 )1 Y 4- 5qYI4O9'

- _ _ _ _ _ - = 1, 7a80148

N a, /3. 478 6~ If 4 , .7

- N ~,o848:



ENGINEERING DESIGN & ANALYSIS SERVICES 510O'DONNELL & ASSOCIATES, INC.
PIll SbURGH, PENNSY LVANIA

BY DIDF DATE IP-'7T8 SUBJECT P;Ver. Ve ssel SHEET NO- P- OFA2

CHKD. BY DATE outLet 6khcl PROJ. NO ZFPI2 70

()tvciVc5~'~ Cull F n yJ ThreqdS- Wl'tA FrictIO/,
For~ P = 4 51oo-o P[Di

c(j vcr ;u-- N for 7-Arcrid::
01P Ouli cl Eh4 CLo5-u,'c(

Mrodifiedl ALffT 4-!340 14qfeiql

C'. 77- ;H7j

t6 7 '7/b8 7 5/o

o-o6/It8440 /00

0. 0 .24 -/6 175--o

0"10 3 770 0o

O~ocK 5 '7 ?Q00

33 c) q o7 5 5100
c 00 0 12 c1 3 5 3  61 0O0

/k 21a2-3.4878 14



I ~~5C-~11 L:j

....................
-~~.... .... > . .. .. .

LI')

(3A C\Q,

k-~ L4C

.L OA I.



I 5c-12

ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.
PIO TSBUR.l, PENNSYLVANIA

BY PDP DATE 115-8SUBJECT CS5; to I' l e L"* S~' SHEET NO ./ -OF 2
CHKD BY DATE Jip^ Lef "Pid PROJ. NO J'T a 70

jjlrec 4 C-r L-jr1 L En Ufl C I ur c
IF- F=A (T= Z 8o7 oO pss, crdirsJ =j /oo. /_3i ir,

2. (: T /-,coz CL ) rcJ( Lt)ropf4

/ c 75 7II
0 1=50-

c-- /.0-0Le o 7 o~!5-5- 7

.5. -ycLe~"-to Fcyi'ture

6:6,, /. /736 , /o -  --For A/( o) p , T

Lq--J- (c¢ %o)2'= 3.6 o4.3177XIO'

0 I

N 465.888147 o,6 .( 575

0,/

CL 4 -t- S 14. 7

, . . ...- ',L - :-., : .:.. : --- ''-:__L :.. ... .- .. 2- . . ':" ':::-::' -'-...:: L :'-- - :/":£: i' il "7'"'



ENGINEERING DESIGN & ANAL YSIS SERVICES 5C-13 O'DONNELL & ASSOCIATES, INC.
PIT ISEBURcA PENN SYL VANIA

BY DO5P DATE I//<5/7eSUBJECTG-q5 -5to" e Ve~SeL SHEET NO OF

CHKD. BY DATE In- f~ PROJ. NO TIP1/7 0

V(-zr w- [N for T*)real15 on
±r1 Lct EtiJ Closurc

A i58O(/-Do siKc /05; K.5iV
/114cid ALSx 4-.,4o /qriL

ct N

150

o,~O~ E7 0 o0

5-.UL 8 8/ 1400



I, 5C-14

ILI.

13I

-4 -:

L ) . . . . .. .

L4 ~ .'. .~j ~ -L)I

ILA 4 j ,

Lu .lI V ---- -- 1.

.L U) .)

-- r * ). - 1)~

I.-.

LL77

. . . . . . . . . . . . .



APPENDIX 6A

DESIGN MODIFICATIONS TO

MACH 14/18 HEATER VESSEL
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ENGINEERING OESIGN & ANALYSIS SERVICES 6A-1 O'DONNELL & ASSOCIATES, INC.
PIT I SbURUH, PENNSYLVANIA

BY DB P DATE /17?SUBJECT M4118 1ecep VeeL SHEET NO IO
CHKD BY DATE BoItcon A - PROJ. No TPRI 70

~z 0 _______

--a 7 000_ _

4

U- -4

~ c

044-Q

o  o  o o
-4 . -. -,

,4 ,-, :) ..0

C1

. -=0 Q

,,. z - .

4 in rS

u J~JL*Ot v *U



ENGINEERINlG DESIGN & ANALYSIS SERVICES 6A-2 O'DONNELL & ASSOCIATES, INC.
PITT~ibURGH, PENNSYLVANIA

BY 4P" DATE //S-7SUBJECT M i#/8 e1qr Ve5seL SHEET NO IOF-
CHKD. BY DATE - 5 fi AFt C/ PROJ. NO To,7

Mt14//B //cIter VesseL B-offom, Epmcd

O~,ir~L Dsi~ -f4~,ooPsi

T-hrevcl 7-, reoc Locii Stress Range

1 3561468. 76~534,.

____ 35",?197. 378,338.

p-o oy3 5oP ao P- P-42.

fr11// Hecite- VesseL Baffoom fmd
.*,'R~v I Desin - P=46-,ooj~si

7Threoda Thrpeadl Load Stress Rqm~e
No. L/Rriqi(s)__

7 2-70,3c7.

MN14-/,1 Heciter- VesseL Baoo 5,hd
REV. 2 Desiq# - P'= 44 ooo psi

T-hreact Treact Loac*'/ 6t#ess Romn)e
No, (LI WAcodi4q n) (psi)

/ 0 4 8 7/h

4115;)753. A 300/_748.

/0 Z7o3~ 3If , :3p-6.



ENGINEERING DESIGN & ANVAL YSIS SERVICES 6-3O'DONNELL & ASSOCIATES, INC.

By DL43D DAE ?/7/7eSUJEC SHEET NO /OF
CHKD. BY DATE BC#Cr)' Ehvi PROJ- NO ~J~~7o

_ *0

17 .i tt'Z

c u -
0-~ 0 __

_ _ _ _ _ _

NN

0 -

-- 4-

C 00

U)t4-w 4
- 4-c (:

-4 "I aj
c~-

19)

~~j1: ... j



ENGINEERING DESIGN & ANAL YSIS SERVICES 6A-4 O'DONNELL & ASSOCIATES, INC.

P ITISIBURGI, PENNSYLVANIA

BY LQ5to DATE2//' SUBJECTA/4//8 fiecie)- VesseL SHEET NO- OFJ

CHKO. BY DATE to- EhJ / PROJ. NO JT/a7 0

Mr /18 Hefzter Ves,5eL Bottom Ericl
ot-iginaL De-5iqri -P=46/ooo p#Si

Thr-eed I Load Stress I~tin)e
No.__ L.S/Rcicvk.) __(sis)_

3 3-w46 .

2.3 376,3 38.

p- 2'5771 5' 2 47

7 2- oo/ 3 5. P__a_____4_P

*Mijm urn 5;urfctce s5tress rilterisity
Fron MleI. wvith EL~iptirqL Uh4et-c.ut

('1/4/e Hectet- VesseL Botrn j),J
REV. 2 eir - P=44ooc P5i

T-hreelI Loadc Sti-ess /?cven
No. (U, /Rcticign) (ps;)

/ 0 / c7,47

0- 1 131-7573

/0 P-701066. 3 1 3 p- .

*MfirU Surfayce St-ress LM*erls;/y
FrorAM aoleL with ELLipficqL Unclet-cut



6A-5
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PIT 5BURGH, PENNSYLVANIA

ByDB DATE /2/7'9 SUBJECTI 4 //'a Heater V/e -5eL- SHEET NO - -/ OF!
CHKD. BY DATE - ~tm LS. PROJ. NO TP/r 7

Currenf U':,i 1 j__iclov, For _4 _/ie Ve-- .- L b5.flii&c

(at 1-hrc.vJ A/o.

X 378, 338 8.4 7

0.265- (From curve on page 6A-27)

A/ - 7.I-.6 5) - cYc-Le-

Cr-j) ,f> r j, j*/( E-)1 J -v vi I Fr; i it

I~hei~tNo. a

U C ,253 Fo"M/\N5VJIC Curve) (see page 6A-27)

C ycLe-s jRetnjni< F- Qri'21. nl QeFi~n- t'Ift Ficti-l
For- 281000 1051

l ~ 4- .5I 3 -3)= 303 Cyctes



ENGINEERING DESIGN & ANALYSIS SERVICES 6A-6 O'DONNELL & ASSOCIATES, INC.
PITTSIBURGH, PENNSYLVANIA

By D Bi DATE P/5/7?SUBJECTM 14/i& f/eci fet- VeSSel SHEET NO--I- OFp
CHKD. BY DATE B4HCcfl Eidr PROJ. NO -XP 70

o rrtf Ft Os5~ie Fqcl r-r Ft M414 /ItgqterVc.e- o mFr)

2')88-22-47
4-6ooo

-n 6 5- {Fromi /\/5C Curve)

( T) Trc/d INo. 4.

U ~fFrorn /75A\/C C'Urve)

()Thregcl Nlo. /0

,460o0

U ) 0 Frocm /1sWvC Curve)



ENGINEERING DESIGN & ANAL YSIS SERVICES 6A7O'DONNELL & ASSOCIATES, INC.
PIT ISbURGH, PENNSYLVANIA

BY DO9P DATE//TSUBJECT// /-cfr'V$eSHEET NO 2OF
CHKD. BY DATE 40tta PROJ. NO i/~7

Ls 2c I)dnkh- E V g2 PikkJkl I-CIt- P~ e~~i) 0 0

0AI, t % c /~c T h,e qJ)

uJ. 0.1' 9 aFourtA Threcc/1)

83 TethTr~)

By' -5etij U} 4 7 Inc tj U C Ell uqL A/R/o ~ 1
For~~~ ~ Eihdr-4d1-eternhe1

(t()1'-r TbrecOd No1L,2

NR =y 15(- 0-265)= .-- 78 c y. Le,!

ca 1.5) 7 7-5 yc L e5

(c) For fJrcid No. /o

84 5-3 Cc.Les

Tke- 5rncLLe-5t VqLue of . rhu5-t be Uc~ed.

Therefci-c, the- ci 77e5 Recv~tlen. f,., fXe
REV 2 De5jn 77 ctes Feqs,



* 6A- 8
* ENGINEERqING DESIGN & ANvAt. YSIS SER VICES O'DONNELL & %SSOCIATES, INC.

PlIT 1bURGH, PENNSYLVANIA

BY P~, DATEP-7/7'1 SUBJECT ./// 4/ctl-V~e SHEET NO /OF/
CHKD. BY DATE a ..- o.. -fil PROJ. NO 7'1'127o

Lr L,),L F#0 4 F. ) L oi

4- /ooo

U =018 (_From \ISl/C Curvc)
4

F-_ A E V, 2 De: ,j-wVih ,;cin-'

(4ATAh~ r :600 0~

Np. d 7'7(1- o, /8) 721 Cycle .

1

i,



ENGINEERING DESIGN & ANALYSIS SERVICES OA-9 O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSY L VANIA

BY DBP DATE 2/5/7? SUBJECT 1 /4/I /eqt#,e- Ve5seL SHEET NO? OF

CHKD. BY DATE - ir_ PROJ. NO TPa 70

F-,c-,,m Lovcidi - 4 l  T irec1 -- EV. ,2 De.i

fN //= 75>)C57'l=11,c [.c7

N= ,,-17 .2 2 1/7
= / - ,o 6 678 LL2dIc q#

ff,' - o.~3//2f/ 2D6, 136.67 f)51

. -- ------------- - -_= . ,, .

N 7&77 64 /,7sq

f-t\i = 342114113824 "L5/gqjip.1

~~ 111 4, 4/.43 L L5// ,,Ii'4r)

6 .610



j ENGINEERING DESIGN & ANAL YSIS SERVICES 6A-10 O'DONNELL & ASSOCIATES, INC.

PIT TSBURLa11, PENYLVANIA1

BY ~ DATE~/~78SUBJEC T Mr /1-//8 /-/qier- SHEET NO I OF

CHKD BY DATE Ve 5'eL '50#0'/M EAcJ PROJ. NO y ao

f, cir- * 5 .t-s5 o ALu

F
T/- (I2a 7)

a! FL: 158.04?7

R2. /4 ,2 7 a"



6A-1 1I ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.
PIT 1SbURGH, PENNSYLVANIA

BY[ P DAE1aPBUJC 4 41cf SHEET NO 42 4

CHKD. BY - DATE VesseL fo- etb i LA PROJ. NO T/7

5- 7-



AD-A079 317 O'DONNELL AND ASSOCIATES INC PITTSBURGH PA PIG 14/2
HYPER VELOCITY W IND TUNNEL COM4PONENTS STRUCTURAL EVALUATION. VOL--ETCU)

MAY 79 D PETERSON . E WESTERMANN N60921-76-C-0013
UNCLASSIFIED ODAI-1270 S-79-VOL

2  
NL

3nnmnmmmmmm
IIIIIIIIIIIIIIflffl.
EEEIIIIIIIEEEE
IEIIEEEIIEIIEE
IEIIIIEEIIIII
EEEEEEEE h

ENDb

28I



6A-12
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBiURGH, PENNSYL VANIA

B 13Y P > P DATE 2/-/A SUBJECTAMI/i8 //,e e , SHEET NO 3 OF 4
CHKD. BY DATE Ve 5eL I./IBH .EJ PROJ. NO P/470

I

I/ IlfL/.,~~ /Zo..O9

R2 1 /3.8288

.,- F- = 2 q oo a ot, )

Ra /3.748" = Q <a=/3.75- '

__ 166 (1/qo/. B "- /2--- 6/25)3 p,rs



6A-13
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PlIT TBIURGI1, PENNSYLVANIA

BY 05P DATE/ /7SUBJECTfr/// /~ ee SHEET N04- OF
CHKO. BY DATE V 5 l- #Of id PROJ. NO T/ 7

R EV, DESIGN

7/



ENGINEERING DESIGN & ANALYStS SERVICES O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYLVANIA

BY DO P DATE /-/2-7/78SUBJECTHf /8 /l e +e t' SHEET NO_ . OF

* CHKD. BY DATE VOhle bt M C~I PROJ. NO JFi 7c

Noc e Cootc/ijeA

t 75Y,- . -775"

175-3 14. o eo.

/ / 7b /. , 1 (0, 9£

17-17 /5.Po2 o 3 3 (00. 5
1713 15-- - 1 60.-

1772 /37o

7'13 ('/70I1 'l3 1 . 5 6 I p o-

1972 13.7 -T 5, 0
18 7 3 14. 5- ( .. o

1112- /3,75 64.c
(713 14.t5 64.'o

3,0 03.857634194.4/C1+

32,c2 14,3 o1o4o (.a65/{5o4

32o3 /3.71 7q.32( 4,125- 64.3737
-7 5

4 o- /3. 15 6,/,75-
1a 4,- 1 g 64,7-F

!,51



ENGINEERING DESIGN & ANALYVSIS SERVICES 6-5ODNEL&ASCAEIC

BY DP oTEI~22/8 ~PITTSB~URGH, PENNSYLVANIA

1b3 I74 8* k.i

177f n 17

__7

let



ENGINEERING DESIGN & ANALYSIS SERVICES 616O'DONNELL & ASSOCIATES, INC.
PIT TSBURGH, PENNSYLVANIA

IBY 13 .DATE 12218SUB3JECT M 14-118- iHecter SHEET NO - OF_

CHKD. BY -DATE Ve. e Bc/7tom M~ PROJ. NO T /7
16Iei

R e- , DTal

Ib17



j ENGINEERING DESIGN &ANALYSIS SERVICES 6A-17 O'DONNELL & ASSOCIATES, INC.
U PiTT$BURGH, PENNSYJ VANIA

BY D 0 P DATE12/1278 SUBJECTIM i/'& //eqfer- SHEET NO OF/

I CHKD. BY DATE VeS Se L Ib ffS PROJ. NO-

II g~~ev. . e(k

Ili

1577 I 6

/7I 73> 174 7'
- - . -- ~~ -- (hSM

4



j 6A- 18

ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.
PlTSbURG91, PENNSY VANIA

BYDOP DATE /-aaa17 SUBJECT M 1 /4/ cer SHEET NO- O

*CHKD. BY DATE Ve55e/- 3QIILJIm 5tk PROJ. NO .Jri/, 7

Rev. D tes,~

til II l

- ~ ~ ~ ~ 15 ---- YI'po l l?, 4~ *~

________ /T. 5 - 7 /li

7AL
j- k - _ _ _ _ _ _ _ _ _ _ _ _ lb_ _ _ _ __/ _ _,4

. . . . . . . . . . . . . . . . . .. . ..- a f t ~ .r.

- - ~ .*---



6A-19
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITlSbURGH, PENNSYL VANIA

By DB - DATE /2/71 SU13JECT 1/4//8 Hectef- VeSsel-SETN /OCHKD. BY _DATE 230 B~'F'M kAd_ PROJ. NO ' /I-70

THREAD LOADs - REv I DESGN

LOADS ih (Lt5//?cvc',m)

TRR EA D LoA 94 D LOAD
No. No,

1 &1,208.1 14- 5-7,87.

1418,48.4 1 8,784.

137 115,7. I a//% / .

4.1 35 186. /7 /o4-77.

7 27o,3o7. 2_ 5-41/87.7
B 270/65-8. 4 3/o o3

'-0 . 8/ 5-? 6. 3 _ .al58.7

io 2 -14?3. ?.3 -31487.

II 23,7o . I 6/.>34, 8

2iIJLoAIS) 3,- 3Z56, 87/. /5 L9/q/// M

L 4



6A-20
ENGhv'ERNG DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

By D~ ap DATE l//~ SUBJECTMf 14/1S Hecitet- VeSieL SHEET NO0F

CHKD. BY DATE Bat-ofrO l~ict PROJ. NO TIP 270

I
I

to

tao

Lii

ill (F-)

- < 'I:.IZZ0

Lu0 --

Q)k

030

"4 0

03~

'~! ~ o7 p~At0



ENGINEERING DESIGN & ANALYSIS SERVICES 621O'DONNELL & ASSOCIATES, INC.
IP, PT I SbLJRc, PENNSY LVAIAh

BY P5?P DATE 115-/77 SUBJECT/tN ii //ecder Vesse4 SHEET NO / OF2

CHKD. BY DATE PROJ. NO 7/1 /Z7-o

7)

a4

h )I 7 /



ENGINEERING DESIGN & ANALYSIS SERVICES 6A-22 O'DONNELL & ASSOCIATES, INC.
PITT TSbkUGH PE NN YL VANIA

BY P3P DATE1/-f/77 SUBJECT v /4l//S /-/q / e l" t/es5eL SHEET NO 2 OF

CHKD BY DATE O7% en F1 "/ PROJ. NO T/2 70

I
Es-ifma-ed Uscge Facir'or F-r
a t'ijinc#L PeTiym 7o DAT

'TA,. ,It / hi .,, -['", Hvx &1 .s Z~ ,:,

2 7coo -134 >-Io

4- +G7 -4o, ooo 9.c 0.37
__9 5_21 cc)a7

4 170.3,, o oV f7/7 o. 7

no 0.It

.*E t/,,fin.id Fror T llrcc,, L'-)cq45 (.c:¢ f~q, g I)

oc., 17c

.. . ... . . . . . .. .. . ... .... . .~~~ ~~~~~~ e..a, Z .".L£..-'-7-,':.. . --_



IF-2
ENGINEERING DESIGN & ANALYSIS SERVICES 6-3O'DONNELL & ASSOCIATES, INC.

PITT SMUL, PENNSY L ANIA

BY P 0 P DATE //YF/7 SUBJECTA I (//B /qti /Se4 SHEET NO / OFI

CHKD. BY DATE '1 4F'pl-d PROJ. NO 7P/8 70

7-q~ hfe Lfop MM 22.

) ~ ~ - 2(3 ,

7 ca4a4c/,1

-K F>lJnvi7'e( Frchi -5trc '<c:s Ft overq Lt -'



ENGINEERING DESIGN & ANAL YSIS SERVICES 6A-24 O'DONNELL & ASSOCIATES, INC.
PITTSBURGH,* PENNSYLVANIA

By U~p DATE //f/ 7? SUBJECT H1/41/8 Ht(hal- VesL SHEET NO (OFl
CHKD. BY DATE 6 tto AN PAI PROJ. No TP/27a

C ur r eit
F5fikMited U-scy e FQCior-
For AI(1//& //ea~tkeo- Ve-qsel-

I Tecid No Curren*-
_______ Uicl e FqIctor

3 00

7

MNtate T-Ae ()5qge pqc'Lots Fo o-

rA re.t4 ,Jo. - s T 6

TA~e- Usocje Fctc7%jops Fo~
Tkhecc No, 5 1 dh 7
we~re CcitcLcyl-ed Fromj
Pe tqIt TAreettl /aloce

g e 9 u cts.



ENGINEERING DESIGN & ANALYSIS SERVICES 6A-25 O'DONNELL & ASSOCIATES, INC.
PIT ITSbURGH, PENNSYLVANIA

j By DD3P DATE/'al7? SUBJECT M1/4 Hde- esL.SHEET NO -IOF

CKOC. BY DATE aIoA A tPROJ. NO TP la27 0

I Fcj.vLe,'lt- T/Irt',, fre=.,,v.-e5

YC!SIGt. THfRE-AD Thre,td Lo(q4 Thre t tres,4rc
_ __"- N o . ..... ...

AJGINAL t 3 541 468 9

, G LHAL i &552/I _ _ I _ _ I - "

OkI NAL 4 0.65 7/5" 6 ,,43o.9

0 R ICTINAL 7 2 o / 7. / -7

C*IGlNAL I54a// 2, 5652.24 ,

kEV. I/I6 /?Io8.4 415. 85

YVUV. / 7 ,270'07. -4U.

REV aR, EV. __ILI
RE _o o

/EV. P- 4- 11 75-.9 6_1_7_1./3

RE V, 2-/0 -7o6 , 6 6.

2a(THIPFAD LOAD) -Cos(7 6 )
5 ?77y) -(5. 7o 6 "]

So,311 /3/25-1 (T/-RM49 LOAD)



ENGINEERING DESIGN & ANAL YSIS SERVICES 6A-26 O'DONNELL & ASSOCIATES, INC.

BY 0910 DATE V17? SUBJECTMN/4-//B fieqitee- Ve5seLf SHEET NO /OF/
CHKD. BY DATE Bto~~ ~~ PROJ. NO P 12 7o

VF~ cT, i< Fag 111447i Heqtfer
/c L b ( Iht/(l b Eh

FI6Oo 72.04 74 4 t 0

00no /.4 o05-7-3

I,//CJD0

o o 0.57 8c61-

c) 0 D (,),444(.(4 0

r-Io 0o.8448C/7

7000 o.4o0/q7 0

8/00 0 3.757 3



- 2 6A- 27 ~1

17: - i..

. - 7

7 I 7

I I -. . .L L _ . -
d . ,



a 6A-28
ENGINEER/NC DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

BY L) 5) DATE /57? SUBJECT l4/8 Ht eqtfer Vess3eL SHEET NO / OF/

CHKD. BY DATE 54PROJ. NO rr/a 7c

R5A'. /9? L)Es5I1GN A

14.

L)/

C, 7

/R



ENGINEERING DESIGN & ANALYSIS SERVICES 6A-29 O'DONNELL & ASSOCIATES, INC.
I PirTSIRGII, PENNSYLVANIA

s yp~p DATE Ifri9 usECTMl/4//8 //EArae VE55e4 SHEET NO.I OF/

* CHKD. BY DATE aorTbN E)'cl- PROJ. NO Z /7o

I'r1 -7.

-2 3

/7"~~~~~4 Pia I1 Y'f- - 10

C17-- --. -



6A-30
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PT!URGH, PENNSYL .'ANIA

3 BY DBP DATE /7/7 SUBJECT M- /4/8 //eqfe VesseL SHEET NO / OF
CoKD BY - DATE B_ ffo E-,d PROJ. NO Z-p 7o

77TfRAD LOAD5- REV . DeS,

LOADS in' h5pqlcn

NThEOAD LOAD -. LoADNo. __ __ _ __ _,'~o O
4 I/ i5-7 53. a / ( 8<1 /. 6 ? .

5- / 301/ob-45. 17 15712-70,

6-. / 4-41 -?/4- 1748.

7 I 668.

B 148,, 0~/ 20 72-
a ,. 2 79/4o74

Io 2-70,o6. k 5-

I! 2-71,85-. 48,474.1

2-4/334. 35y -87.

1 2-44-2-34. 2- 23 6 22.53

14 2-255137. 14143-4. 7
/5" o2, ?50,

2XILOAV5)2- , 3~

*1~t.5



ENGINEERING DESIGN & ANALYSIS SERVICES 6A-31 O'DONNELL & ASSOCIATES, INC.
PITT1bURGH, PENNSYLVANIA

CHKD. B DATE PO.NO

0

-4 Lij

LL

(A0

k c

(C ~ CM

L4I 0 ~7 Po'o'a 1YL



ENGINEERING DESIGN & ANALYSIS SERVICES 6A-32 O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYLVANIA

3, D,9 P DATE ///8/7?suBJEcTM/4"_ He -e," r/e. se H sEET NO / OF -
CHKD BY DATE Ito ,,1tY E),'C/ PROJ. NO TP/27O

Firf,-I T/i' - Or-tcnL Deir

No OF D15 LACFMFNiT5

, ,LL L Sx ) (ih)

I.'drL, lo cLIt_ L
S0 -o23o -3 o. 3Yr2o(.7-/

2 -c.35,.378-3 o. 3 534-- -1
-o. Fo4-- D-3 .- 5"5oI6 -f

4 -o,6&9-67 -- 3 o, :35-641 /-
630 -" o.8cc822-3 c.357965 - I

- o. 7786T6-3 0.35788a-I
63I 7 - ,5£o9-2 . o.361771 - /

a_1 -o.14-6?17-- c).36,,6386-1
64-1 -o.-/7738/- a o,37o'?73-I

5-7 -o,/82 75o-2 o. 375-6 3o- 1
a73 -. 188/18-;-1 o. 3 6o2-8 -I
?- 63 -o, 17 587-a2 o,. 38 -/
3o3 -o. 17/o56-a o.388 77-1

741 .o6 -o6 o5-5-5c- o.4/74/-/
7 o7 -o. '778-.87-_3 o.44-o66-I

7 jo o1 -o. c734-528-3 o,4o6788-/
72- 31o -o, 11873 -2 .3 1 352-1

311 -o, 1438o6-_. .314t?.8- I
-733 )12- - .I 23 - .8 /9

I.;



ENGINEERING DESIGN & ANALYSIS SERVICES 6A33 O'DONNELL & ASSOCIATES, INC,

PIT 7 bIURGH, PENNSYLVANIA

BY DI3P DATE / 7/77SUBJECTA/4 " - I/eqre" VesseL SHEET NO / OF -

CHKD. BY DATE _5Of"'°M E 1J PROJ. NO YP/,. 7o

f-i t, Ti), e ,J - /t-j v. 1 L c _I:) )

No lie [21 s t-PLAc Ffvl cI.s

r cr _ L L L). t 1 L .

I -o.64 50-/-3 o. /.4 2o7-1
- --f 7' orl o' - 3 o. 31t9 8-1t

4 -o.,562I- .,47€3c-I
n-17 "57-2 c. :_ 4.boo /

7, - 1. 4 77-a_ c. 2 _',7 7-1
6i 5 I -/ 3C,/.!-K -( J (, -_, , ; J73- /

,.:11 5-. I 7,.- 2,3 14 16-1

-4/ .3 5 - 4 5 a 5 1,- o,..(,7 "l-

6'/3 -C .zi-..7.a 7.374 6 30 -
(-3 o.?5 o-7-?- o. 77'j4I/3-I

jc,3 - 0 .z27Fq-a-L ,, 1'14 -

14 1 0o -. l t 2 .- "l -
74 2 3 7 .... / ,,,: 5 4 - .3'o .- I
143 2e '- "77-2 .3 O4?4-/

/31 /c oc. C) .-a 8
7- "3 o, -5 2 a, 38 7.3 -

7.337, 7/1 -a, 2q 8 & 8 o, 2 3 -/



a 6A-34
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PiTTSBuRGH, PENNSYLVANIA

BY VBF DATE//Z?/77SUBJECTN/'" l"- #'e Ve55ci SHEET NO / OF

CHKD. BY DATE Boom E.J . PROJ NO TP/27o

I ~f;,: /trc.,,I /\1V, ________ 'j

S1.16 [)E /_)l S FLq C.-EME1 T,-

r, V: v L F : DE. tcWNT
I' t M oLI & tIL

I- -c .V7i, ?-N 3 o.. 57-/

-o.10 870-2 0.
4 -o. 2 ' o47-2- o.,4 18 -

, z- --o. /3542J -2 - 4
6 -o.1/->,t4-a- o,34b::,'7-I

62 I 7 -<,.171tC4( -- 2 6. -. 2 9 2o-1/

-7 I o -& 3 - .5T I
S -o0/2 , - 6 f

, -o.3A- - 0.374444-

741 3oo - . 8 a .- 2 1-I

- /," - 0. 86(27-2 o.376788-/

74 ,' -o. 8837 7 -2. .377."5 o -4
-/. /.16 bo 7 2,- -2 ,7782 /-l

1( -o.. 414 - a 02 . o, 7 l45- -1I
7::: 21 - 0.J64 /, - o.3 8036-/1



ENGINEERING DESIGN & ANALYSIS SERVICES 6A-35 O'DONNELL & ASSOCIATES. INC.
PITTSBURGH, PENNSYLVANIA

BYV~P AT//8/7? SUBJETM/ /cf~V~e SHEET NO~ OF/

CHKD. BY DATE B5 to Em~ PROJ. NO 7

II
* Pessre c?~19 T~eci/-ri~nc Pe~k

if -70 -It c ,i o7

1- =

Fc,~ ~ ~ ~ cr7 r hrcc -L

TA r87 J zF61/ -08

For nd'Tii) fr~v F'vsr

2(25c68) Cos(7d -M pO 2 P=o



UAi J jt
LNGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBUR, PENNSYLVANIA

By DDP DATE 2/8/7? SUBJECT M/#fI// et- e L SHEET NO /OFI
CHKD. BY DATE a ffo ptl it 4c PROJ. NO J~fia7o

f-crhy,,c L -c f M414/8 /4eIt.--r- l/c5-"L 'bcffokhl E'il-j
vs. F-~ TA 7ie-d- fl'V ~2 Desijoy-witki Fr,chtl

Hv Ft, pe L-Fe F-?t,9 ue Li fe
____III_ C4~s t) i in ,j3 2 c-yc e'5)

je 766

C/u0 -4 14 7 7c)

/4111 000 -1 ) 6 111461

o 1)13,4// 750
/b 0030 5-7 3j5-

/500 614/777

noo /12 06-7 14 1.)0 15

co 3/c-,077

Fq ti V Le life /'e71clim'),j

NFJp 0. 82 (Friu L' fe)



6A- 37

U4 t

. . . . . . . . ....

0)

C. ..... .

i3 4 .

. . .. .. . .. . .. ..



ENGINEERING DESIGN & ANALYSIS SERVICES 6A-38 O'DONNELL & ASSOCIATES, INC.
PIT T, SbuRG, PENNSYLVANIA

I BY P13P DATE a/1I/7' SUBJECT M/14//8 Hectet- Ve.,5t SHEET NO IOF
I CHKD- BY -DATE 150 fto PROJ. NO 1'12~ 70

I liV,-A F ,-tgon

fotftl F I /ir e cld -RE~V. 2 _______f

II
' I. tk1c - /co A> ;,7

2. Crijc 1 'L Crqcl Dep-i

C. r 0 foj A

(n-s) -os- - (/. -) -= 4.1454

I e I.i

7- (.o7o8 A) '  it'j cr 8 ,6 -) -7 4?,0

IN o2o./2181 ..

II

I



i 6A-39

ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYLVANIA

BY vo D ATE/fa/fl SUBJECTM M//,/ //e qte, r 'e55eZ SHEET NO' OF

CHKD. BY DATE f7OMj En q1  ... PROJ. NO

ll-/lId //t.ter I/- cL Jotl/oM E- d - I_/ Thjr ( ,I-/ v, 2_
b'€ , IV- vf/i Ft. cjion -I p=28,ooo ps

oci Vc,->u N fo- f/ r CLr
4

on bol-orei lEni4 CLo5ure

rludijfted f-T- " 4o lq-er /L

Cl i N
ir ctFe5 ____ cyc__

0. o 71/ 0 q,)tr I o
0. (- C- c) 4 5-' 3. "1 ()

o.o6 44357 5-c
Oo 552 7 o8 / a a
o.o4,oL- 84 a-oo
o,0 o 3 6 4 48 () 0

o ~ ' 6 4 , 7 4 - f ) -o o

o.o 122 7-a 78 7oo

o. ooo 781 777 0C)
o.oo 02 I ? o4, coo
o . o C) o ,o -" 4/, - 0

C).ooo o. Io- 5-8 5 ooo
o.roooo 77e4 6 000

Q II
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APPENDIX 7A

DESIGN MODIFICATIONS

TO DRIVER VESSEL



?7A-i

ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITT ISBURGt, PENNSY LV~'ANIA

B Y D P a )DATE 76 SUBJECT DRIVER VE55E- SHEET NO OF 1
CHKO BY DATE INLET END PROJ. NO T)P27o

0.

OD

"0 l fl)

0 ( n ~ L) Lc

c , Q)i ~

4- fj N U jQ

2II

0 .-

,. (o -o .)

o I Lc.L 7

-I---

•~I - .

ce'q

Q~cIA

- -_ .:" . .. ."-4 ' !" - . - _ ' l ' - "
>jI a,)
J.~1w



ENGINEERING DESIGN & ANAL YSIS SERVICES 7A- 2 O'DONNELL & ASSOCIATES, INC.

PITTSHURGH, PENNSYLVANIA

BY DATE SUBJECT SHEET NO OFI CHKD BY DATE PROJ. NO

f_ _ 0- 9;0 &0 _l ljq 17

I-

7117 117 118 I-

33 
q 2

-3-3 1 73

(atg -7 7 C

93q1-77 40;
5g3

is~ 3y

Woo A S

ty/ '



7A-3

95.0

85 .5

16.0 4I

66.5 ll

'l l -1

47.5

38.0 IT

28.5

19.0

9.5

0.01
I . 06.5 18.0 27.5 3.

I~lET ENDOf MACH 10 DRIVER VESSEL -REV. 2 DESIGN - THREAD ANWCORcwR.



ENGINEERING DESIGN & ANALYSIS SERVICES 7A-4 O'DONNELL & ASSOCIATES, INC.

Pll 1SBURGH, PENNSY LVANiA

BY DATE SUBJECT SHEET NO OF

CHKD. BY DATE PROJ. NO

//74

77L~~q 775, 77:4N

~q7
qA

'31

1

I I;
II0



7A- 5

95.0

85.5

76.0

57.00

66.5-I------

5 I751.0 2-. 37. -s. -5(0 ----

IN~fT END OC MACN 10 DRIVER VESS -- ---EI -- hFA -NI -~r



'.7

j ENGINEERING DESIGN & ANALYSIS SERVICES 7A-6 O'DONNELL & ASSOCIATES, INC.
PITTSbURGH, PENNSYLVANIA

BY DATE SUBJECT SHEET NO OF

CHKD. BY -DATE PROJ. NO

7-77. -7__ ____ -773 -772

I- 1 -------- -
ft - - " 40

7q 7 IJ

11-7, -71,,l

49 so 31



7A-7
ENGINEERING DESIGN & ANAL YSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PIT |SBURGH, PENNSYLVANIA

By DATE///.?3/7i? SUBJECT C-05 .5tor"Cce /eeL SHEET NO /OF
CHKD BY DATE rt Le f- Ep4 PROJ. NO TP12 70

TtecR Lo,'.5- &.e~ Desl6/A)

7THec- z A/. L___,, THeE o ./0. L&ao

/ ,95 17 1,09

/1. ON /0 1-307

3 1.1q /9 1,1/0
/.335 Ao 0. 960

S1.806 01/ 0. 794o

A . 7q5- d o. as8

73.2(0/0 ?3 0,6356

8 3.303 q .4R7

9 3.20/ 0. 33A.

/0 3. Oq AO9

1/ ;?.8',7 0.174o

/A ,,fo 5" 1P1
/3 .,4/e

a/ ,,/96 3o 0. 00 z

/ 1,9-62 0.0

/4, 1.7,75" 82 Io~
i



ENGINEERING DESIGN & ANALYSIS SERVICES 7A-8 O'DONNELL & ASSOCIATES, INC.
PiT TSbIJRGH, PENNSYLVANiA

By F~l-W DATE///-,3/7Z?SUBJECTG;94 StOrte V5Sel- SHEET NO I OFa
CHKD. BY DATE 2'etFcIPROJ. NO ZTF1270

V1)

4)

.kil

I 06'07 0699-



ENGINEERING DESIGN & ANALYSIS SERVI-ES 7A9 O'DONNELL & ASSOCIATES, INC.
PI1 T SBURGH, PENNSYLVANIA

By DiPDDATE ///3o/78 SUBJECT Gc,, 5to-ci.e Ves.5e-L- SHEET NO / oF
CHKD BY DATE Th Let Ej a( PROJ. NO U-P/ 70

T-UR.AD Lo4D19 - REV 2 DESL-tV

LOADS , ,(Lbs/'Rciclicir?)

TI4REA P Lo A D THREAD Lo AD
No. _No.

,15-7. /7 1641/978.

oaj ff71. 8 / /41-3 8 '2.
3 1 4-o o8. 6 7 1,4/ 18.

q 1 9/ ol. /.o4 o2.

5-+ 2-a58. 6 ?-. / BC 476.

173) 9 72. 2- 55-o.

7 277/ 4-E7 23 / /?7.

8 3.6, o77. 4 4-7j 330.3

C? 754-47. 25- 38, 80.1
/oI 4) / 6 c/ . 6- 5-8 R)ba. 6 4

II 2. 7) 74-0. 7 2 6.

- 2.7 7 94/. 2.8 14) 81.3

/ , 5-, a87. .2- 767Y. o5

14 2-33)477. 3/ 75. .4
I5 p- to/ a47 -1-1, 680-5-

/67j ,q. -8 432.57

i *

~~KLoA§.) 43~344~7q L5/p ,.



7 A-10
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PIT TSbLuR(,H, PENNSYLV'ANIA

BY DBP DATE UI/3-/78 SUBJECT G(7$ storcye V seL /SHEET NO A 3OF 2
CHKD- BY DATE TA Let E~j PROJ. NO WTP/?-7o

(I)

U) 6

Lu

LLir

Lu 0

('4lod'w/7 sol) u! aVO-7 GVK dWJ



7A-11
ENGINEERING DESIGN & ANAL YSIS SERVICES 7A11 O'DONNELL & ASSOCIATES, INC.

PITTSjURGH, PENNSYLVANIA

BY D9P DATE 130/78 SUBJECT G05 St-orcie j/e5 _eL SHEET NO / OF
CHKO. BY DATE DLLe/t I PROJ NO TP 0 -70

T-READ L oAsD - REV. 3 DE5IC-N

Lo4APs in (L65/RCsiqn)

THREAD LoAD THR EAD LoAL)
No. No.

I/B 5/- 7o, /7 / g3

Iz /1 4,1 18 / 7i 5L4 .

3 /5- , 3s:3 /9 / o5

2- //4 /69':lj44o aoIo 4-,

/I IO.. £1 ,82

6 167/ . £ 70/ 141.4

7 2o, 78, 3

8 324- 463o77

4/ 672. _ / ;. I
/j

I1 2o) G(r. 7 /9)4-84.

1_ 2-7/,oo3. /1. 57.I
7/7.I b -_411t 7/3. 6/ € 3 76. /J

14- 227) /2- t 3o 75-1. t

5 2o4- 0 78. -44o2.3

/6 / 8/ 1 6. 32 -8) ?o5. 86

_ L qcls)- , /4 4 .4 3 LA&,ricv, 1,

- - -- -,.'(Lo.,p,.



7A-12
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

By DB DATE 113/8SUB3JECT GO 5 to~eIeeL SHEET NO aOF 2
CHKD .BY DE _ILet EDT I . . PROJ. NO /O70

L~)

0

0

LQ

4

0

I w ,
(LI

Lu 0

Lu
1- -

- 1 I 0

A ( fP/c?7 So) u/ aV07 c1V IHL_



7A-13
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES INC.

PITT SURGH, PENNSYLVANIA

BY D9 R DATE I.<37/78 SUBJECT G-Tws 5torcie Viessel SHEET NO I /- OF
CHKD. BY - DATE I et Eo PROJ. NO _P14Tf 70

THREAD LOAD5 -REV 4 DEsIGN

LOADS in (Lli/Ro-,'cm)

THREAD Lo4 TqD7HR UA4D LOADL:
No. ________ No,

I5-5-o3. /7

lj ~ ~ ~ 3 /31,10/

3 15E- 78.6 I9 III, ?.

4- /5826, E444

(, B)~ -c, E-78 (, 47

__~2 1 ~ 7/4./

7 5'4, 1 l_ V/ - .b

S-,/ o' 72 2-4- 4- 86.4-
:' I -¢/ 2-. 2- 5" 73n. 7

If3,o -3/ 8. 4/ 02a 7Io3o3,84/. 2- 23U8. o7

I 578/. 2-.7 73 8
/ 26-( j ( 5. '.7 7 3 8 . 8

+/ 06 8. 2/ 41 3.3

2- 2- /) 347l. 3 a -11o5-7.

/ 7, 47?. 31 -51 71 .84

/74 /75. 32- -1/ 74o.76

Z (Iu41juu) 4524443.1 [A5I//i-,y,,3



ENGiNEERING DESIGN & ANALYSIS SERVICES 7A-14 O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYLVANIA

By D5 2P DATE //78SUBJECT CTl5 to rcoi7e Ve 5se L SHEET NO OF

CHKD. BY -- DATE ThLet Eh'4 PROJ. NO J /01270

00

-tr

It

LljU)

-4

U5)

(4 0

U ~ ~ ~ '. 10.ol aoys- / .7GV.asfiH-l



7A-15
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

BY PP DATE/30/77 SUBJECT Driver Ve ss eL SHEET NO '/-OF

CHKD. BY DATE 1 ' Le7 Ed PROJ. NO 7/17Oa

F-rt Thrcad- Or'gir~iL D¢-'"

N O OE Ofi; PLAc EH-L -T5

C)vtWr'iL L [)et,,L -

-727 I -o.7772a- o >a(, /-/
- In'-' -Q.4o,, I 4 -2- o.14 4o ( 4-I

.l~~~~ -o,88 - 4.341:'-1

/721, -V,44847')-2 o18 6-j23-/

4 -o.Pi-56 4-e o.353 58-I
/7 1 7 -. 4 b264d-D c3 -.7887-/

I - .5-15a , o-? o,3434o5-/

/749 4 / -a, 5-4 7<2I -2 .358 j 1 /

/ -o.(-Lo85:I- 0o.34 7a-4
1-76,7 35..2 -- .'1, </ - 2. o <4 1 < -

-- 5, (,71 817 -, o, 46 ,7- I

. (. -0, 4 q 57j5--2 o 946'alI
t<,l : . -(,4 & 7 f-2 0. 3713,5 2-/

17It5 5/-.315-8 1-a ,.3 747>1-1

1 1 313 - 5- 6114- -2 -. 6-17- P -,



A7A-16

ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

P IISBURGH, PENNSYLVANIA
BY DBP DATE/1 77SUBJECT Dr;Ver Ve55e . SHEETNO / OF I
CHKD BY DATE iL tet FN 1

JF/)iI ,J - tEV. 4__Dfi3,n
No EL D15 FLAC C MEN Ts

Vc-rB L /oetqn') - ,. (I,,)

17,7 . -c. 4457- -0 o.4-2-I

6, -o,467fll8- o.32___ I7P- I/7.4 7 -o. 5o o -2 0.33443-1

21 -o.54-6-44 -2 c. 3: o'?6(-/(740 37 8-8/o5-z . 44748-1
7 -o. 4,( 37o-2 o,3-o.,8-/

-,7 -o,5-7'4--2- .37oo 64-
.38 -5o588 I/75-2 o. 987-I

173 5-. 5-412-787-2 o.38854-/
17(P4 3o -. 61448-2- C.376 --- I

I-fT ~ 317--,., 2C / a 0 -a o,. ( / 7,,7- /

, 5- c4 7,2/-- o. 2L 7o2(,,-

2 2- 30 0. -8 -6 187-

1 7' ( 1 -9 7 43 2- o.:)(,7o 26-1

17166 7- 5 21 a3 ,C 7o84



ENGINEERING DESIGN & ANALYSIS SERVICES 7A-17 O'DONNELL & ASSOCIATES, INC.
Pil ISBURCH, PENNSYLVANIA

j BY pop~ DATEI/31/111 SuBJECT Pri~e# Ye55sel SHEET NO_/ OF/

CHKD. BY -DATE Z LAet F-AS PROJ. No

Pre5sre ov, /1t ThAreadc -Ori~ l -_l't

7

/8.1 4 c, 774

Fcq Uv'1c't: Tbr-c~vi [-rc5UtC - oi;jjo) L DC: .5

13 j 78, 1073. L5jq~(b

1 78,73,) .Co5(

f o./179-4817-38 CThtev-d LociJ)

P= 1(,745-.61 psi



ENGINEERING DESIGN & ANAL YSIS SERVICES 7-8ODNEL&ASCAEIC

PITTSbUk(,H, PENNSYLVANIA

BY D 3 DATE 2/ / 7SUBJECT D P v r Y ~ e SHEET NO / OF I
CHKD. BY DATE ZTj L ef Ep 1 J PROJ NO U'P12 70

5tress5-es "in Dvive VesseL Tn~Le* EAd
00-i)icaL vesigV, - = 60" coo PSI'

T-Aectcd Thj- e ad Loqd strmess RcmAge

I378./,73. a-84,5-74,

otMq /cim u rA surface -5t-es5 llitesisilty
Ft-omv tvlaeL vj;tA E~LitticcvL Undcercu~t

Stresses in Drive,- Ve3;seL 15nLet EmJ
REV. 4 Design- P = w/o ,t-si

Thread -rht-ectel Load Stress Rcinge
Nlo. _(psi)~ of__l

I 65X5&. p- a5"(V71

*MaX I MuM, Suo-fcilce 5tress5 rmtens;ty
Fromn Mo-deL ith tlipticcaL (.hcercu.

IA



7A-19
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

BY 0 pDATE 1213BBJT &cpstrv e SVes e

CHKD. BY -- DATE I Letr ,Eic 1  
- --- PROJ. NO T _47

f) t'. NA rIA L 7AcyJ I ~C-)Q 77Pc,,v/ 4j, r

01.icineaL o -7.45- 88. a7?-

REV. A2- /oajc97/- 4 L,3/1.718 8(c,

9 EV.~ p_ __ 3 2-7 54-7. ___ 51 ___. ___,6

REV, 3 A 301114. 2-(S 2o70.02 C 2-7

R EV. 3 72 j-8 ,-7

R EV, 4 2. /i2-1 2-o 85-,4767o7

REV, 4- 3) -,2. 6 738 2.Ic32.6

& EV, 3 8TI~f5

R EV, P- 3,61079.6-,3.0

0-giAV7 ?-57, o/6. 5-118 97. /7Ta74

REV. / 7 L 1 - 5448-51051

_2(THPEADL,4D)-Co-5(7d).

P= 0.L'0(3(p807(T4?EAD L040v)



ENGINEERING DESIGN & ANALYSIS SERVICES 7A20 O'DONNEL & ASSOCIATES, INC.
PITTSBURGH, PENNSYLVANIA

BY 105P DATE 1//2/78SUBJECT G-'45 etrc~ ktse SHEET NO' OF

CHKD. BY DATE EA4PO.N -?O7

_l- lv.uil ilt- Fre:-urg ot 22 Thwc,,,- Rev, _ D- lll

Force af) 'ic1 Threadl /o.// b5/J~,

PA (/o/i/.1), CoS(7 °)

M q ?_o318. 5?Y2/ psi

tu, )t- fvr- ure or8 Th rre ./- Rev, 1 De,5II

Force oh 8 tA Tireqd = 1o L // yn

2 (33 5 - (1o. /78)§

fl6,61 It 1 4 56O' 0 7

-- ___ g ll~yo ps



~7A-21
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

BY DBP DATE // /78 SUBJECT G Sftob~qe Vessel SH[ET NO - I OF

CHKD. BY DATE Iti Let 5".d PROJ. NO -- rP/27c

I
[Lul ;v,,'L c t'/cs:_:u-e o) 4t -Ti)rcqd

F crc or\ T-A Trevic 3/3', 5-5 , 4t-s/~clcjq'

PM cI 3 13, 5,5flf C 7o~l

ff~,~j ~ 8.4135/2

olvo UJ cf-ilt 'r e 5 urc- Or) A7 7 r - crihj 'q .eL j,

Fvrcc C or\ 8",1 Thrcct4 ,5 f-c I*,87 ~/ ni

-m~ 4 ~7.) CC7)

P4q -- ,/4 -

P5



"!r ,1,1.7 
,-22

ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.
PITTSBuRGH, PENNSYLVANIA

By Pl DATE (/,13078 SUBJECT &qs- 5to#ri e e L SHEET NO,/ OF'
CHKD. BY DATE tn e - "Ec PROJ. NO P12 7o

r/,c7 t 11, Lo c, I i, -  (2' o 7-,ci. - o-, 'n L L cr, 17)

_7° t

f- 
7

N45-u"nc f o./ .785
f =T-q,, T-:-,r(7")

(-a,~~~~~ &3, a C41 V,(cill 38 liL

-FN = -86,6,5-7 L-/Qrq,-qh (f = C122785)

Ap LX FX -- -. A t /\Jde_ /0 to /o7 (& oJce-5)

l //a /3) .C O(7")

PM ,Co.L-_ 77 1635l



7A-23
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PTTSBURGH, PENNSYLVANIA

BY DATE SUBJECT P -VEi V L SHEET NO OF /
CHKD. BY DATE NL T lN 0 PROJ. NO TIP/B.7 0

I

Frc I Wk Loci/ ()% TA I, c-,,4 r bI cI L 't ; I

/\/T z=( 143,,5j)(C05 7-) = 24,o.33L)/],

IV N T-(C-5 70) 24o,3- o 1-1%f/li 4,

,,t'.j a 7 7 7, /74 t6/ 4  T 7it )
_ - ~/c/Ie

8 - 3 6 87.1 731 L ,,;

PMtX C,,2oo3 6 6o7 N 4Q/3 4.17/ 4 3 f 5 i

FrictIon Loc,.t 1  - cJ TAreqi- /'<v. 4 !-)-r-,l

fA I = 1 . 7/ 78 LL51,44 If= T A 7")

c- f  7 7/

Fric f-A Loqcia - 8 fh 7-re vc/ - Re v, 4- De 5ij

t " Q{ (3/O93.).[C05a(7)]= 3o8,4-42.8 /- /, 4 ,'

fN 37/ 872. opo0 L 5/, , d;q. cvI ,)7

C FI-- 4,754. oo 3 -3 ?/ 5;,J

,'x .ooG28o7 N6= 806oo.48i p;

I

. .. .. - T2 _ :: - . . . . ..



ENGINEERING DESIGN & ANALYSIS SERVICES 7A-24 O'DONNELL & ASSOCIATES, INC.
Pll T ShURGti, PENNSYLVANIA

BY DOP DATE 11/1478 SUBJeCT Gc-5 stor',e Vessel SHEET NO I OF I
CHKD. BY DATE 1:h L e..' e"-A / , PROJ, NO 71'2 70I 1- cri yto.EL Pesi n-

Al~~~gII :>,AllteI FkR ky c'oi1,y LC{j'ie Fic4 K, jL5

I L FL i

1o].T( 38



ENGINEERING DESIGN & ANAL YSIS SERVICES 7A-25 O'DONNELL & ASSOCIATES, INC.
ATE 'I/C 6PITTSBURGH, PENNSYLV'ANIABY [)OPDT ol / 8F6suBJ.Ec.C_.&-5 r toi- e V/ess e L SHEET.-,NO/ -. OF

CHKD. BY DATE jh Le" Epi el PROJ. NO T"P127O

-F dco r For IALet -iicl For P 17 o p7s ;

4 Z ' V 5

... ... ... ..



i 7A-26

ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

BY D Bl DATE /2//5 -/7d SUBJECT Qr;ver Y-5;_ SHEET NO / OF J

CHKD. BY DATE LpiLe ell PROJ. NO 7p/leo

I
!

I
f -Vt 4 .Filti~ 5ji-iI- w-, F.,-,'c /. i

451 C 0 () i. 5a 54237' i
4 6 , / .C) , , /. 35 5 V132'?

: o,,,. , I o/c q47153
, ,,IC, o77j 6 ol/7

/ ', c5 7

4." ",o 8.47 3574
, o. 74 6

Qt ) -7(35'~
LI o. 74-T7

Fo r7 ' ;



ENGINEERING DESIGN & ANALYSIS SERVICES 7 7O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYLVANIA

BY DtVp- DATE //5/7SUBJECT 0)riVer .Ve 55et SHEET NO I- OF/

CHKD. BY -DATE o fe -c PROJ. NO f/70

r/'v t:r te:c OLuItef E- v Ith Fri~c~

0,7

0L c 6 4 6 4

()()0 /6 6 7 Fqct-r (o~o

C. 0 0
000I'~



E!VGNEEIING DESIGN & ANAL YSIS SERVICES 728O'DONNELL & ASSOCIATES, INC.
PTTS BURGH, PENNIYL VAtIA

BY P510 DATE 111Rt7/7SUBJECT G-q6s 5t Orcz~e V..eLSHEET NO IOF
iHD Y AETh L et FAd PROJ. NO /07c)

/7F ti S e *i 'j I~L D.~ 9

N 9'~ Cy.5f e1"

Li:u ~e o. F RE:.v, I CIT'ir
iL E 7,y PO P <-)c, 1

3 5-o CycL es

F tiju C. IfJe of OricjircqL De si' 9 V
I r L t t En~d 4 -50

7Thr Sr e~ % heuc Pesip
Ho. Rqe 1 1i ifej N H

.301154-6 -77 cycles

44 I1 O CycLe-5

Fcit-iue Life, of Rev. IDe si,7 n
IrLef- iErd - P= 1-/oo6 psi

7Threqd t ~ trc r Fcitle~e Designr
c C-1, L)t~~ N

I85E?88 CycLes

4/7 C cL-:



ENGINEERING DESIGN & ANALYSIS SERVICES 7A-29 O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYLVANIA

BY 00f) DATE/a//4/7&SUBJECT GC7uq 5fo r-l e VCsLSHEET NO IOF
SI CHKD. BY DATE IP1et EAj cI l PROJ. NO 7/o

Ih riLJ srEs Ftic I2si

N-. e-:5c f5, LFe N v O

2. B 680<10 o' cycl Ies

7 2-, 8/74 -5& C.yc L e5

EP l'juoc L I fe~ cf Rev. 1 /2e 5 0'7 i

-f,4)482 54(o c-ycles

1 - ,(v5 o8 Cy-LeS

qt-,j u tc Life of Or irqL I ei"
rLe-t E-r)J - F=47)op'

Thr 'sltreS 5 Fr-Il hc:e V-s ij
No. Rc4nlje) P-5/ ILife c- /

2.~- 3,54270 c yc IeS5

7 8,28 7 9/CycL-e5

F-0 t- u e Life of Rev. 1 Desi5ti
IrLet 'id -P f '17 o

Threcid -S- &trss e R 5 titqe Design
C-./ 'p f5 LJ e, IN

- 88CycLe-,

7 46CycleS5



7A-30
ENGINEERING DESIGN & ANAL YSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PiT TShUR31-1, PENNSYLVANIA

BY P P DATE /?14"/76 SUBJECT G'CS Sforcive Ve3 t SHEET NO ! OF
CHKD. BY DATE "ALe- Etcl PROJ. NO 2/ 70

0) C ,t() ' '

/lit ec-I /0'14 kind .5/rc55; kqnIye fc r
brj)",it z/->" - litt--t Ev,-l -Driver Ve-5rseL

/ ,,.1' ... c.!_ ,Tb ,,* .,) { A ,)~ j

I A

Thrcvq,4 Loqcl cinnl 57-re55 H n e f:r

Tt, r c cid Loadl 5 -t -: .s A , cf r i

-Nn (L L L._IK5.4,Jiq)(i

/o 4o/-11. -1 4-.

7 52&/ Yo 2__7 5f73

1719 -.



ENGINEERING DESIGN & ANALYSIS SERVICES 7A-3 1  O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYLVANIA

BY DB DATE 104-178SUBJECT GeC5 l "qore Vese, SHEET NO I OF

CHKD. By DATE TiLet End PROJ. NO I7//

,rrci 0J-'cL F4 Cior Fc7:r ]§r) C Ef r ,,4  06 / ie r VcC.? Id[

'At I ,P, sI N 0.

0, 77 mFron, N SC urve)(~ee ehd;X 5B)

&L) Thrt~d No. 7

6ooo
0 0_

U 7  0. . F-ro in NSWC Curve

~cycles /K '',"'itjF~o___ev,_ 2d &,

LA, .// - (Seod T r el)
88

u N-offa TAreisJ)d7 =00- 446

(ax) For Ur *0

r = 868(1- o.177) 731 c. XLes

F o- U7=/o

Vf 446.(1-o5-) 423 CycLes

T/e smaLLe5t VcLue of N/\/ r mu.5t b e used.

Tt1 cr~fore /{f --Ae R'.L, 1I Des'i i5 o5ec
'-- O t~L L, fc~f L Lclf ikic' i S 423 Cy c2e ,

,i



a 7A-32I ENGINEERING DESIGN & ANAL YSIS SERVICES O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYLVANIA

* j BY VBP DATE I12/14178 SUBJECT G7-5 Stbrc,e VesseL, SHEET NO 2 OF 2
CHKD. BY -DATE .l, te~f AdPROJ. NO TP~70

F7tiycLife I"cne~rar' , Tn Lei Ehcl

C tic q L us U~ful L'F
L~5 ~ i ir e(1,4 No. ______

I~ c ~a yc L ef

e~V v 7 423 cyc-Les

a1 7(1-oC,. 17 47) c- -/ce& Icv c 'ee'

I : ef



7A- 33
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

By DBPi DATE/C- 1 3/TB SUBJECTG-0- 5oqeVesL SHEET NO /OF:
CHKD. BY ~DATE LeF I- PROJ. NO 7

Fliti) ue Life '-f Driver Ve J c c-- In I Fhd
),c, i L Oe:'i9 ; F = ('0Om00O psi

Th eq-, Thjre~j~ Lo,ocl 5tre55 R'nice Ft/Cyc F~-jl
No. (I I-,/k.ilic'n) (psi) lcfe ( yctt:5)

9 ~ 2 -7. 2/,?4/ ___ __

Fr4ttiue Life of Driver Ve e4 TvIII t EtvI
Rev. 2 De -fr0 o psi

Th r c--ucl 77hreid Loudl S-trcs 5 kcmri)e FLcytjUe- Det.igh
N. (L5Rqu,) pi)Lf (cyclte5)

5 -74 7 3Q428 ____(o_3

Fqttiiue 1-ffe of DrIvet- Ve55eal. -]iet 7' d
ReV, Dt-,t - P= 60~o 000 5'i

Threcscl Threqc Locic/ 5tre.5,5 )/qtige Fqtive Desi~pm
'j 0. (LL5/Rccicl) (ps') L fejcycf.?5

83/0 535. 7____5-5



7A-3I ENGINEERING DESIGN & ANALYSIS SERVICES 7A4O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLV/ANIA

I By DOF DATE/?//13/78 SUBJECT CYV5 s5fot-qie VesseL SHEET NO /OF/
CHKD. BY -DATE Ltc/ E~ PROJ. NO Jv/~7

F,filjuc Life -f Prvcr- Vc5;cl- lrttct E-td

/-hrcy.I Ztrc5-5 Rqneje Flt-i9'e De- 9 11h

Fcifiquc Life of Prver- ve .5e rLet End
Rev. -- DesijtN -PF =47)5oc-5i

Thr',#4 stress5 Range Foti-)ue C~-,
Alo, (p~;i) L'fe (-ycte,5)

8 715 517

Fq-t i ju c Life of Driver Ve55eL In Let Fid
/Rev. .3 Oeqin- F= 47'5-c a p.5

ThreQ4 strc~55 /?qri'e Fciti u e D e' 7 .
N o, (i)Life (cycale5)

B/ 298 5 0 77

8?4 , 3I



ENGINEERING DESIGN & ANAL YSIS SER VICES 7-5O'DONNELL & ASSOCIATES, INC.
PIrTSIURGH, PENNSYLVANIA

BY DIP DATE /./3/78 SUBJECT G5 tr~e SHEET NO -/ OF 2

CHKD. BY -DATE 1~e ~IPROJ. NO

Currcrit- LUss.v c f-cct r- FZ-r t-vc- Veffct r be t Fm-I

(oThryi No. L

1 - z- 6L .3483

U .o. /77 Nov ISVC urVe)j

(8) Threcl A/c,. 8

(000032 o

U 0Oo33 fFro nj I15 W CurVc)

Cycc~ 'ernc~n~.IFcr k>e V, D~j

0. - 7 - Alg(5 e-cowI ThIreici

UI? 0. 033 -1q 'ihtkI 7Thre qcj)

6y 5eifillj U~qQ ~cl (4 5 1 uqL t7o 1.0,Ip
F-0r Ec c 7ThrIEc.B i.5 detern,,,icI

Ci)For 21h-1 7ThreldJ

A/) =- 98'1(-0./77)=z! 732- CycLe5

Q,) e- 8tA Threcici :'

4 ( 0.o033) 447 cyc-Le5
[Ac 5nlitLe , VqLue of Npg fru5t 6e used.

TA(- rcf 1,c Cycies Relc-iiiii1 for tk-
kv, ' 447.



7A-36
ENGINEERING DESIGN & ANALYVSIS SER VICES O'DONNELL & ASSOCIATES, INC.

PiTTSbURGH, PENNSYLVANIA

BY DL91P DATE /4///78SUBJECTG~ Cr /bI cy 41e Vesset L SHEET NO '~OFZ

CHKD. BY DATE Le FA - PROJ. NO 5R~70

cL:L /\'cJ jci k-1 For R eV. 3 t)c,"r

0. /77 -- (Secoiici Ti-eqd)

0.8 3 + o- NR iyhtA Threqcl)

by5etfirnj Up ond (4 Ee~,uqIL to /.0, NRI,
For Ecyc-A Th rCcv iS Deferniiie1

(q.) For ald TAreqdJ

Np = 779(lod/7 7) (lCycte95

(b) For 8th T-hrecd :.
1 -R1 5/ 2(1 -o.o0-3) 45-Y C>Ic-Le5

Tht; E~mqLLeft VcLue- cF /\/H mustf bc U5"--,-.

Fher~fcvce AMp 7 4'757 c-ycJ-e,5 For the AReV -3 V-;*



ENGINEERING DESIGN & ANAL YSIS SERVICES 7-7O'DONNELL & ASSOCIATES, !NC.
PIT 7 bUR , Pf NNSY LVANI A

CHKD. BY DATE .TA Let- EA cl PROJ. NO TPl?- 7o

Fqtj LB DAE I77 SUCT c DrI s rKVC fto 5~ kese SE NO /) OF / lc

_____ 3O 5 q38),CC). If__ _

8- 3 8 5-7, -

Ffrtiqut Li-fe -f' D,,vet- Ve5.-seL h-iLet E-bI
kt .4- I'/e5')n~ 60 OoO /D5;I

7-r[d7hreqdi Locad S tres' R cl I e Fqifl9uw
No. L_____ ice5, Lq Ccycles)

9C 25/3717a

I 3 1.86 -



7A-38
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PIT T~URGH, PENNSYLVANIA

BY 05~P DATE 17/8SUBJECT &d5- -5to'rC14e VesL SHEET NO I-OFI CHKD. BY DATE Lh1 Let 4F~ PROJ. NO WP7)'2

ft c- Lfc- )f/rive r VcL5!,e/L Inte F ki cl
(C it iht L) le 5 ign P -- 47fopi

7h't F~cmr esF Ptirjuc De5iCJl

No, to s i) _ LIfe (Q-yd-e5)

B /6c~44.

Fqti*cue- t~fe of Driver V6e5,-eL 17ile-t Find
fev. 4 Des'ign P 4-7 poc p;

T7hreq.4 /-r e 55 Fq 1-1,ue De5irg
aL, Lf e (cr-ctef')

____/98,43.776

12 :3 887. 533

5-c,3



7A-39
ENGINEERING DESIGN & ANAL YSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PIT TSBURGH, PENNSYLVANIA

BY .DD P DATE 12/17/76 SUB3JECT &Ci5 5/b ~ kesLSHEET NO. /- OF/
CHKD. BY - DATE i Le V-"d PROJ. NO r'PlP.7o

/c Le e, s ,emqinin9  For Rev. 4- De54,'n
O-77 NR (5 c, Threo,1)

77Te

U B  ~41 -- 0.-hi- 5-
U8  oO~3NA~(Et AtA 7h-e44)

by 5eth, U. qnc U8 EjuqL to /.o,/\

F- EqcA ThreqJ i Determiped

CqJ) For 2nd Thred

N - 776 (- o.177) 63 CycLes

WL For aBil Tohtc o

I-Ac S 1LLc,5t VqLue of NR Mus-t Ae Used.

Therefore1 N = 5-/5- cycLes Fi tAe Rev. 4- Desin,



ENINERNGDEIG &ANLYISSEVIES 7A-40 O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYLVANIA

BY DATE IP-/5/'7 SUBJECT Prt-; Vet- ressieL SHEET NO OF It

CHKD BY DATE ne pl iO.NUP00

Ft~q e Life cf 1§river Ve.s-5e1 n .iiet I- E-n

(I) inI.IL Le549n kv IA F-ri ctic-n - P p6o, I'op.

Th reqJ 7Threcid Lorid 5trcs5 , iQInje F-q f-/ c 0 cr, ti
No. (L, jqhI e" m1 Lire (cycyce )-

3~~L3~ 718 4.2 , 5o/0

FRqtivjue Life of Driver Ve5;eL-- Il et Fi'id
RPFV. 4 LDi ith Fricf,'on - P= , n co psil

NO. - (Lb-5/Rcichqr') c0)t'f cc

-1 01,2j 5-.-1 2 56j54 ___f_-5__

83 38 44-2 9 ____ __35_a65_/75-



ENGINEERING DESIGN & ANALYSIS SERVICES 7A-41 O'DONNELL & ASSOCIATES, INC.
PITTSbURGH, PENNSYLVANIA

By D59P DATE ///7SUBJECT OR VE R V 5'E5574E SHEET NO OF(
__CHKD. BY -DATE LSE 7- FAD PROJ. NO -7FP/R70

Ff ' ic: Lt'fe -f Vrive-rV;e[T et&
01-1 in cil D e. f-ij n vitA Fric t Io -=7 4 ~7,-o

Th reci d .5trefss FZqiije Fqticjuje Pe$ijn'
/Qo, (P-' a) LUte C.y cL e)

8 /8 71 087

Fit-gj'c Li-fe of Dtiver Ve5-cL rptet 54J

RCEV. 4 Vesigti w4ifk th~~ii P4~b C

Threcj te5 44 t~j~DL)

3"oc~ 743

8 4-14



ENGINEERING DESIGN & ANALYSIS SERVICES 7-2O'DONNELL & ASSOCIATES, INC.
PITTSBURGH, PENNSYLVANIA

BY D5 P DATE/I2//135/78 SUBJECT DRIXVE,? VE95EtJ SHEET NO OF de

CHKD. BY DATE -ILT Al DF 7- If- PROJ NO Z /70

CycLeF, 1-ernqiinfor Rev. 4-b e, 1-- i'vtA Fr-ict hor s

U84-(-,? rhreqcd)

by 5e-fltiv~ ua& q nd U8 5cluql to o.,N
Fort- FqcA TAreqc/ i,5 Deter-iied AIR

(q) For 2c h'cc

77\(lo. a 578 CyXcLes

(W~ Foer 8 t Threcyid

NIR =414 (1- o.o 6) 3 8 Cycke5

T/\e- Svcqtesi VqLue of AIR, n')u~t- I~e used.,

Therefore/ Yvg~= 38/c .L~ F-v tle Hey. 41 Vwlyi

47/5--o-



7A-43
ENGINEERING DESIGN & ANALYSIS SERVICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

* BY DDt9P DATE///f/8 SUBJECTG5-)r5toe Vse.SHEET NOJ OF'

CHKD. BY .DATE r _ALe- EAd - PROJ. NO TP/ 7o

'A)MMA1Ay of

I'juc L f u /-K Qmco I rl I n iirrver VC.,95LD
nLe- Ftd b cd o t 4.7-o psi

cr i-i'ccL- NR Useful L, ife /7VIZ77I il
____ '____ . Threqd No. )Aemqihin 1 3 Friction.

0rcjilqL nlL2 CycLes (5- CycLe5

t-V, 1 7 423- CycLe5

keV. 8 447 CycLes

e_ 3 8 4-5 CycLe5

feV. 4- 8 515) Cyc Le5 38 CycLeS

* No Friction

IV7-o(1-o.177) 2. .- CxcLCS e ".fionqrL L e., )

44641-0-5) -23 CyCte5 ~ie.I1ei 9

12

N =4 6,4l- .3 3) 4-4 7C C LC e-: tr . Dc-

N = 5l1(1 .033) 4c,5 CycLe-5 H3e V. 3 Defij A)

N4- 533 -o3~)~ 5-15"Cyc, Le Qe V. 4 De51j )

.........

T " . . .. - : .... .. t .. . .. . .. . ... . . . .,:,- " . . " -- _ - l;.
. :

. . 7 ti , :



ENGINEERING DESIGN & ANAL YSIS SERVICES 7-4O'DONNELL & ASSOCIATES, INC.
CHKD Y DAE rNET -PITTSBURGH, PENNSYLVANIA

BY Djp - -DATE/a//8/7SUBJECT. OFTV~

F-oh~jue Life -f 121iver Ve--.,:e LiLe~t E-nd V5,
-- 1h Til tc E-4 A e4V- KAhtA Fr-czhol

hu#1 9 uLc Life Ffj'je Life

(c yc I-c ) 'kc ~qoI' (cycle--)

40,00 (o 6/ / 574
3ol o~o c)B4 O/

005376 57o5-3

,1o oo 27 8) t.L 2,3 82

=7 oI34 Fqt Fu lf e- Le)iii



3 7A-45

(017

I Ii' L

LZL

1. TL - - - 1 , --

U) A. T.

*- 7-Il

i_ 0

y --- -----------

Tsr I



ENGINEERING DESIGN & ANAL YSIS SERVICES O'DONNELL & ASSOCIATES INC.
PI TTSBURGH, PENNSYLVANIA

BY D5 P DATE /-///78SUBJECT Driyer VesseL SHEET NO _ OF .

CHKD. BY DATE rS)_  /t ' . PROJ. NO _rPi'--70

Irict Eh 1 Pcv v4 -V.,if Fricti-nr - fr:..: 4oo s

Tf5_/ 4-4 7 i c C , 0 K/O/5j

I. ,L( = /oo t< :J77;

2. ~Cri tic.qL Crc/ L) _fA

/ 'Ila

k c .I / / o oo . 0_2 5 -

3. Cycle.s to Fq,'Lupe

, -2)= o.t.5 / ' '  (I.2-5'T")/'" 4. .. '7 .45-64

I Ic,4o7Y

A N -/14.4 ?4'o5 9I

___ _. /.o ._. ._ _ .o.1._._.1.4._.



7A-47
ENGINEERING DESIGN & ANALYSIS SFR VICES O'DONNELL & ASSOCIATES, INC.

PITTSBURGH, PENNSYLVANIA

BD P .. DATE2///78SUBJECT Driver Ve .....- NHEET NO - OF"2I
CHKD. BY ATE _ 1i Let Exic PJ. NO ZT P/7o

I
T),"et EnJ- 8 h 7hire ,-kev, 4- Oes,( )h-/IA Fr-,cTjion
For P= 4sooo p 5 i

1. Verfu.f N fop Threads
cn gnLet Eiv Co-o'ure

=A 9T/,4-4' p5i / :c= /' 0
M Jc dfiel Aisii 4'1o/qtrerict

(I'ches C ¥¢..e.

o.o38a349 /0-

0. o 31l 'o- 0 5-0

o.o 28a46 8 70
0. o24'7) 7 /00
o.ol5-1 8l- P_00
o.00C72867 _300
o.oo37-7 o 400
o.oo 4 2 683o8 5"00o

o0, o -oa- *1 700
o.o0 74//13a1 /000
o.o O .a__ 3 98 200o
O. o0c o7i55 3,00

S(N -1)5-3. 789 45 )

I



7A-48 U
k i .. .. ;

...... ~ . . .h.... ..... !..... ...." " ' ... .

LU

'"U IL)
- T T : . . . ,

.,,,...ZLjj 0 ~ .

. -..

-4 K-
ty , z , . , )

I L. 2

i i _2 _ -- ......

.. .. . .. U ,! 
.

II. 
.

- __- I
. . ~~~. .. . . . . . . . . .-.. - ...

4 ........ .

I I I ' - -, I ,. l , .. -

L .. ... .... . ... , ........ ,._-_- .. .' ,,L. _, I , ' - "



I

I
I

APPENDIX 8A

PERIODIC INSPECTION

OF CRITICAL AREAS

A -

I "



8A-l

PERIODIC INSPECTION OF CRITICAL AREAS

This Appendix contains a discussion of our recommenda-

tions for periodic inspection of the subject components.

Periodic inspection of critical areas of the driver

and heater vessels will increase confidence that no flaws near

critical size are present.

Analysis of critical areas on each vessel has shown

'the number of cycles to failure starting from a given flaw size.

This size is the depth of a full circular crack around the ves-

sel, and the number of cycles to failure is obviously a conserv-

ative, limiting value.

Discussions were held with C. Hellier and M. Bath of

Nondestructive Test Engineering Division of Hartford Steam

Boiler Inspection and ,Insurance Company. The discussions

revealed the following sensitivities of liquid penetrant inspec-

tion techniques.

Sensitivity*

Type Width Depth

Zyglo ZL-15 high sensitivity 1-2 microns 20 microns
water-washable liquid penetrant
or other Group 1 or Group 6
penetrant per NAVASHIPS 250-1500

Magnetic Particle with AC 1-2 microns 10 microns
device or DC Parker-Probe

*1 micron 0.0004 inch

Thus even a water-washable penetrant can reveal an 8

mil deep crack. For conservatism, it is reasonable to claim a

sensitivity of 15 mils.

The recommended inspection frequency is based upon the

philosophy of assuming the presence of an initial flaw depth of
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15 mils. The possibility is accepted that a defect reaches the

15 mil limit of sensitivity immediately following an inspection.

For added conservatism it is assumed that this defect is not

found during the following inspection.

Since the units experience a variety of magnitudes of

pressure cycles, it is desirable to account for the difference

in crack propagation rates. To accomplish this it must be

assumed that starting from any given point in time all future

pressure cycles will be over the maximum pressure range. How-

ever, up to that point in time the affect of lesser magnitudes

of pressure cycles can be considered.

To account for the possibility of not discovering an

existing defect and to provide for sufficient remaining cycles

once the defect is discovered on a subsequent inspection, a

defect size, a*, between the initial size of 15 mils (a.) and

the critical size (acr) is defined by the following*:

= a~2 a:1 (1)S n-2 = 2) n2

a i  _ a c r 12a ,* a c

Starting from this defect size, i.e., a*, two-thirds

of the cycles required to generate the critical crack size from

15 mils with full range pressure cycling remains.

To reach the defect size a*, the actual magnitudes of

pressure cycling is considered. The crack growth rate is given

by

d a  = C AK n/(l - R) 0 ". (2)
jN 0

*See Appendix 5C for the basic equations and assumptions
for crack propagation analysis.

tThis form of the predicted crack growth takes into account
the effect of mean stress. Reference "Fracture and Fatigue
Control in Structures", Rolfe, S.T., and Barsom, J.M.,
Prentice-Hall, Inc., 1977, p. 248.
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da =- n 0.5
S o[Aa M ] /[l _ R] (3)

where R is the ratio of P mi/P and (1 - R) equals AP/P

min max max

For numerical integrations let

a = a on R.H.S. of equation (R.H.S. = Right Hand Side)

and

( A PAa = ref \Pref /

There fore

Therefor = a.n/2 Mn/2 ("ref\ n  n f AP 0 . 5 (Aa =a, -a = P-Me( Api / P-(4)
a 1 oef 1 max, i

The crack size a* will be reached and inspection is required

when

pn-0.5 p 0.5 a - a n
n max, C n/2 n/ 2  (5)

Pref C0 an

Table 1 indicates the values used in the above equa-

tions. Also shown are the number of full pressure cycles re-

quired to extend a 15 mil defect to the critical size. The

period between inspection might be extended slightly if in

Equation (3), the average of a. and a* is used on the R.H.S.
1 * n

This results in about a 20% to 30% increase in EAP..
1
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THERMAL CONSIDERATIONS



Thermal Considerations

During operation, the working gas temperature varies

which in turn produces thermal stresses within the steel com-

ponents. Lacking specified gas temperature transients the

effect of thermal transients can be given only speculative

attention.

In general, the transient thermal effects are judged

to be insignificant in affecting the predicted cyclic life of

the components. The reasoning is that the gas flow period is

very short (on the order of 1 or 2 seconds) relative to the

diffusivity and thickness parameters of the involved components.

In addition, the relatively small thermal capacitance of the

gas results in a rapid attainment of thermal equilibrium follow-

ing the flow period such that little change occurs in the com-

ponent average temperatures. The thermal stress responses are

most probably "skin" type stresses at the gas boundaries.

The most limiting locations are generally at the threads

of the various threaded closures which are in themselves not

gas boundaries. These locations see insignificant if any,

thermal stresses and, therefore, the temperature transients

probably have little affect on cyclic life.

For other locations of the components, thermal stresses

may be more dominant than the primary pressure stresses. In

the MACH 10 heater, prior to flow initiation, steady state

thermal gradients may produce significant stresses if the

vessel is redundantly supported. If the heater is not redun-

dantly supported bowing will occur and the thermal stresses

are probably insignificant but reactions may then cause signi-

ficant stresses in the connecting hardware.

-



The complexities of the system and the thermodynamics

of the operations preclude a purely analytical approach to

determine the gas temperatures required to evaluate metal
temperatures. A more definitive evaluation of thermal effects
would require a combination of extensive temperature measure-

ments and analysis.

I
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